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of Organic Compounds. 


By Koshiro ISHIMURA. 


(Received May 14, 1941.) 


In the course of the investigation on the molecular rearrangement 
of disubstituted acetaldehydes into the corresponding ketones, the author 
has prepared a number of aromatic compounds, namely, diary] ketones, 
alky! aryl ketones, their oximes and semicarbazones and benzoy! deriva- 
tives of diaryl ethylene glycols and of alkyl aryl ethylene glycols. They 
have usually been purified by recrystallisation from dilute alcohol, but 
in every case faintly yellowish or brownish colour could not be removed 
from the substances by the usual methods, such as changing the solvents, 
adding animal charcoal or dissolving them in hot alcohol and adding hot 
water to the solution till it becomes faintly turbid and subsequently leav- 
ing it to cool down.™ In such cases the purification was accomplished 
with unexpected good results in the following way :—the substance to be 
purified is dissolved in hot alcohol, into which a large quantity of hot 
water is poured at a time. An almost colourless flocky precipitate is 
obtained. It is filtered and recrystallised from dilute alcohol once more 
in the usual way and thus a completely colourless substance with a well 
defined crystalline form is easily obtained. 

The colouring matters may be some polymerisation or condensation 
products, possibly with large molecular weights, formed by the side reac- 
tions when the above-mentioned substances are synthesised. They are 
soluble in hot alcohol but not in cold alcohol and water. When hot water 
is poured into the hot alcoholic solution they may very probably be 
peptized, forming colloidal solutions, whereas the substances to be 
purified are precipitated, which are likewise insoluble in water but with 
much smaller molecular weights and existing in relatively large amount, 
and thus difficult to form colloidal solutions. 


The Tokyo Imperial Industrial Research aang 
Hatagaya, Tokyo. 


(1) H. Meyer, “Analyse und Konstitutionsermitterung Organischer Verbindun- 
gen”, 26, 1931. 
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Some Methods of Analysis of Commercial Methanol. 


By Koshiro ISHIMURA,. 
(Received May 14, 1941.) 


More than ten years ago, when the industry of synthetic methanol 
did not yet develop in this country, two samples of methanol were offered 
to the author for analysis from a certain factory of a small pilot-plant 
scale. The samples were produced while the investigations into the 
optimum conditions for manufacture were still busily going on, therefore 
they naturally contained a considerable quantity of various impurities. 


Preliminary Examinations. The two samples were designated A 
and B respectively. They were colourless and their densities were d?, 
0.8084 and d?, 0.7964 respectively. 

On distillation, the fractions were obtained from 500g. of each 
sample as reproduced in Tables 1 and 2. 


Fraction B. p. (°C.) 





Above 70 


Table 2. 


Sample B. 


Field 
Fraction B. p. (°C.) — a [7% 


g. eo 


70 





Below 63 11.2 | 2.2 
68 — 65 101.6 | 203 
65 — 67 322.7 | 64.5 
67 — 70 49.1 | 9.8 
Above 70 11.4 | 2.3 





The residue, boiling above 70°C., separated into two layers in each 
case. The upper layer was light yellow oil (0.44g. in the case of A), 
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while the lower one was light mobile liquid. 2.8 g. of the former oil and 
79.8 g. of the latter liquid, both collected from several runs, were dis- 
tilled, giving the fractions shown in Tables 3 and 4 respectively. 


Table 3. 


Fraction B.p.ec) | Temperature | vieiaig.y 


a ee = _ — EE 


Below 102 250 0.1 


| 
| 
| 
| 


Residue _— 2.5 


Table 4. 


Fraction | B.p.(°C.) Yield (g.) 


70— 75 40.0 
75— 80 18.4 
80— 92 8.8 
92—107 9.0 
107—117 3.6 
Residue | 0.1 


The residue in Table 3 was fractionated under reduced pressure of 
38 mm. as shown in Table 5. 


Table 5. 


$$$ $$ -______ —- 
Fraction B. oOo” | Yield (g.) 





Hes | | 
130—150 0.5 0.7908 
150—160 0.5 0.7825 
160—170 0.2 0.780342") 
0.5 0.7867(d2° 
170—180 { Pe rm (0) | 
Residue 0.4 -- | 

The fraction 4 in Table 5 was separated into two parts, i.e., one 
solidified at the ordinary temperature and the other did not solidify. 

When the sample A was stocked in the cold place, a small quantity 
of colourless scales separated out and was proved to be n-docosane. It 
was recrystallised from methyl alcohol and melted at 44—45°C. Found: 
C, 85.70; H, 15.07. Calculated for C».Hys: C, 85.62; H, 14.38%. It 
is very probable that the fraction 4 in Table 5 contains a considerable 
quantity of n-docosane. 
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Qualitative Analyses. Higher Alcohols. The colour reactions with 
salicyl aldehyde and sulphuric acid and with vanilline and sulphuric acid 
showed evidently the presence of higher alcohols in the samples, and the 
boiling points of the fractions in Table 4 suggest that alcohols higher 
than amyl alcohols may be present, if any, only in very small amounts. 
The fractions boiling above 70°C. in Tables 1 and 2 gave the colour reac- 
tion with vanilline and sulphuric acid, characteristic of propyl or amyl 
alcohols, when they were carried out according to the informations given 
by T. Higashi™. Henville’s test™ for isopropyl] alcohol gave a positive 
result. The existence of ethyl alcohol could not be confirmed. 

Aldehydes and Ketones. The samples did not reduce Fehling’s solu- 
tion. But the presence of aldehyde was confirmed by the colour reaction 
with fuchsine-sulphurous acid and by the formation of a silver mirror 
as well as of the insoluble compound with resorcine. Formaldehyde was 
confirmed to exist in the sample by two colour reactions, one with 
morphine hydrcechloride and the other with phenylhydrazine hydrochlo- 
ride, ferric chloride and concentrated hydrochloric acid. No ketone was 
found to exist. 

Acids and Esters. The samples were neutral to litmus, but acidic 
to phenolphthaleine. 

When the sample was subjected to hydrolysis with a sodium hydroxide 
solution for one hour on a water bath and then concentrated sulphuric 
acid was added to it, a gas was found to evolve. It was washed with 
alkali and passed into a solution of ammoniacal silver nitrate. A brown 
precipitate was thrown down indicating the evolution of carbon monoxide 
(Habermann’s test) and consequently the existence of formic acid or 
formic ester in the original sample. 


Quantitative Analyses. Methyl Alcohol. <A large number of 
methods for the estim:ition of methyl aicohol have been published; by 
counting only the principles underlying the methods ten or so will be 
pointed out, and moreover each method has been followed by its modifica- 
tions. Kénig’s method’) has been modified by the present author and 
has been found to be the most suitable for the analysis of the commercial 
methanol. The principle of this method lies in the fact that methyl] alcohol 
is completely oxidised to carbon dioxide and water by chromic acid 
mixture under the suitable condition, while the oxidation of the homolog- 
ous alcohols remains incomplete, only aldehydes or acids being thereby 
produced. 

The estimation of the evolved carbon dioxide will give the amount 
of methanol. The apparatus used in the present work is shown diagram- 
matically in Figure 1. 

The determination proceeds as follows:— The air free from carbon 
dioxide is passed into the reaction flask to expel carbon dioxide present 
in it. The oxidising mixture (15g. K.Cr.O;, 25c¢.c. cone. H.SO, , 230 c¢.c. 
H.O) is boiled for 15 minutes, cooled and rapidly poured into the flask, 


(1) Bull. Inst. Phys. Chem. Research (Tokyo), 7 (1928), 527. 
(2) Analyst, 53 (1928), 416. 

(3) Z. angew. Chem., 5 (1892), 324; F. C. Phillips, Am. Chem. J., 16 (1894), 272. 
(4) Chem. Ztg., 36 (1912), 1025. 
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and then 10c.c, of the sample are introduced, and meanwhile the air is 
gently passed in. The sample is prepared by diluting 10c.c. of the 
original sample methanol to 100c.c. The passing of the air is stopped 
and the mixture is left to stand for 30 minutes. Then it is boiled gently. 
Carbon dioxide thereby produced is washed with concentrated sulphuric 
acid, dried with calcium chloride (alkali-free) and absorbed by weighed 
soda lime. The ends of the two U-tubes containing soda lime are filled 
with a small quantity of calcium chloride in order to catch water which 
is to be produced by the reaction between soda lime and carbon dioxide. 
The boiling is continued for 1 hour and the air is passed for one hour 
and a half to expel the evolved carbon dicxide completely. The increase 
in the weight of U-tubes gives the amount of carbon dioxide, from which 
the amount of methyl alcohol can easily be calculated out. 3.5—4 hours 
are required for one run of the analysis. 


It has been found that the following corrections are necessary in 
the calculation. 

(1) A correction for errors due to impurities contained in potas- 
sium bichromate, which must be determined by a blank test. 

(2) Since some compounds other than methyl alcohol, e.g., formic 
acid, methyl formate or formaldehyde are also oxidised to carbon dioxide 
a correction is required. 

The content of methyl alcohol was also determined by Zeisel’s 
method of the determination of methoxyl group. The results, given by 
the two methods, were found to accord very well with each other as 
shown in Table 6. 


Table 6. 


Methyl alcohol (%) 
Sample eee Sc<cSSe RDI SRNL Seek Ea - 
By oxidation method By Zeisel’s method 





89.63, 89.69 
94.29 
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Acids and Esters. To determine the contents of acids the sample 
was diluted with equal volume of water and titrated with a 1/10 N sodium 
hydroxide solution with phenolphthaleine as indicator. It was treated 
with excess alkali on a water bath for 1 hour and then back-titrated 
with 1/10N sulphuric acid in order to estimate the content of esters. 
Assuming that only formic acid and methyl formate were present, the 
values shown in Table 7 were obtained. 


Table 7. 


. 4 SEEEEENEEEEEEE 
Sample Formic acid (%) Methyl formate (%) | 





A 0.009 0.18 
B 0.08 0.25 


Formaldehyde. According to B. H. Smith), who has studied com- 
paratively on various methods of the determination of formaldehyde, 
the method based on the complex formation with potassium cyanide is 
the most suitable, when formaldehyde is present in a mixture of several 
substances as in the case of the present experiment. 

50 c.c. of the sample were brought into reaction with 20 c.c. of a1/10 N 
silver nitrate solution in a 200 c.c. measuring flask, into which 5 drops 
of concentrated nitric acid were added. The reaction mixture was diluted 
with water just to 200 c.c., well shaken and filtered through a dry filter 

paper. 100c.c. of the filtrate were 

Table 8. titrated with a 1/10N ammonium 

prarnes —————+ thiocyanate solution with iron alum 
Sample Formaldehyde (%) as indicator. The required amount 
of formaldehyde (in g.) was given 

A 0.0021 by twice the difference between the 

B 0.0048 titres of the sample and a blank test, 
; multiplied by a factor 0.0030016. 
: The results are shown in Table 8. 

Water. E. R. Weaver‘ detected the presence of water in various 
organic solvents by allowing calcium carbide to react with water and 
by observing the red colour developed on the formation of copper 
acetylenide. He suggested that by this method it may be detected also 
in acetone. It has been found, however, by the present author that this 
is not the case. Hydroxylamine which is used to reduce cupric salt to 
cuprous salt, reacts with acetone to produce oxime which in its turn 
reacts with copper acetylenide and thus the red colour disappears. 
Ketones and aldehydes generally disturb the test; the presence of 
formaldehyde, benzaldehyde, acetophenone, menthone and furfurol has 
been found to be the disturbing factor. Besides the oxime-forming sub- 
stances, acids dissolve copper acetylenide. E. R. Weaver afterwards 





(5) J. Am. Chem. Soc., 25 (1903), 1030. 
(6) J. Am. Chem. Soc., 36 (1914), 2462. 
(7) J. Am. Chem. Soc., 38 (1916), 352. 
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succeeded in applying the test to the colorimetric analysis of acetylene 
but not of water in organic solvents. Although H. Hartley and H. R. 
Raikes“) determined water contained in methyl alcohol by this method, 
no description of the experimental details was given. 

According to the present author’s experiment the formation of copper 
acetylenide does not seem to take place quantitatively. The amount of 
the precipitate of copper acetylenide was determined by R. Willstatter’s 
method) and it has been shown that only about 50° of water present 
in the sample can be detected. But it has been found, that water may 
be determined quantitatively as well by the colorimetry, if the taken 
standard solution contains the amount of water not so different from that 
in the sample. 

Following the informations given by E. R. Weaver,” grains of 
calcium carbide, about 3 mm. in diameter, were stocked in absolute alcohol. 
They were taken out immediately before the experiment and -heated with 
5¢.c. of absolute alcohol to dryness in order to expel the trace of the 
occluded acetylene. The sample and the standard methyl alcohol (5 c.c. 
each) were taken separately in two Erlenmeyer’s flasks and two or three 
grains of the calcium carbide were added to each of them. The flasks 
were cooled with ice water for 30 minutes, meanwhile the acetylene 
remained dissolved in methyl alcohol. Cuprous chloride solution was 
prepared according to Hartley and Raikes’ prescription: 1c.c. each 
of the following two solutions were mixed immediately before use :— 

A. 3g. of cupric chloride and 6 g. of ammonium chloride dissolved 
in dilute ammonia (9¢c.c. of ammonia, d, 0.88, diluted with 100c.c. of 
water). 

B. 12g. of hydroxylamine hydrochloride dissolved in 100c.c. of 
water. 


The mixing was carried out in a glass tube, about 15mm. in dia- 
meter and about 25cm. in length, graduated to 0.1 c¢.c., and a few c.c. of 
% water solution of gum arabic were added to the mixture. Calcium 
carbide was separated from the sample and the standard solutions by 
rapid filtration on dry filter papers. According to the content of water, 
0.3-1.0 c.c. of the filtrate were added to the cuprous solution. The red 
colour of the colloidal copper acetylenide developed immediately. Gum 
arabic served to keep the colloidal solution stable. The colours developed 
by the sample and the standard solutions were compared with each other 
by a colorimeter and thus the water 
Table 9. content can be calculated. As the 
standard methyl alcohol Merk’s 
ee specimen “acetone free, extra pure” 
Sample | Water content (%) was used. The results are shown in 
Table 9. 
A | 4.1 The reliability of the method 
B | 1.3 above described is shown by the ex- 
perimental results given in Table 10. 








(8) J. Chem. Soc., 127 (1925), 524. 
(9) Ber., 53 (1920), 939. 
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Table 10. 


Water ccntent of the standards taken 
in colorimetry (vcl. 2) 





Water content in ethyl alcohol (vol. 24) 
By density 
determin . tion 


r 
| 
| 

By colorimetry 

| 

1 


0.26 0.27 0.67 
0.69 0.62 0 26 
0.47 0.47 } 0.26 
0.47 0.43 | 0.69 
1.67 1.73 0 69 
1.87 1.85 | 1.67 
Higher Alcohols. Out of a number of methods for analysis of 


higher alcohols, two have been selected and investigated, ie., Allen- 
Marquardt’s method and that based on Komarowsky’s colour 
reaction.“ 

(1) Allen-Marquardt’s method. This method consists in 
extracting higher alcohols with chloroform or carbon tetrachloride and 
subsequently oxidising to carboxylic acids which are then titrated after 
being distilled in steam. There are two difficulties in this method. 
Firstly propyl and butyl alcohols are not extracted quantitatively, and 
secondly the amount of inorganic acids to be distilled together with the 
earboxylic acids cannot be accurately known. In the present case the 
first difficulty need not be taken into account as extractions is unneces- 
sary. The second difficulty can be avoided by carrying out a blank test. 

25g. of potassium bichromate dissolved in 100c.c. of water were 
introduced into a 300 c.c. round flask and 2c.c. of the sample was added 
to the solution. The flask was connected with a condenser with a ground 
joint. 30c.c. of concentrated sulphuric acid was added drop by drop from 
the top of the condenser, and the reaction mixture was heated for & 
hours on a water bath. Carboxylic acids produced by the oxidation 
were then subjected to steam distillation. Inorganic acids, distilled out 
thereby, were determined by a blank test as stated above. When the 
progress of the distillation was adjusted so as to give 1 litre of distillate 
for 4 hours, the distillate in the blank test consumed 2.64 c.c. of a 1/10 N 
sodium hydroxide solution. 

Preliminary tests, carried out with known amounts of butyl and 
amyl alcohol dissolved in methyl alcohol, gave satisfactory results as 
shown in Table 11. 


(10) Allen and Chattaway, Analyst, 16 (1891), 102; Ph. Schidrowitch, J. Soc. 
Chem. Ind., 21 (1902), 814; Analyst, 31 (1906), 181; J. Am. Chem. Soc., 29 (1907), 
561; E. A. Mann, J. Soc. Chem. Ind., 25 (1906), 1125; W. L. Dudley, J. Am. Chem. 
Soc., 30 (1908), 1271; Adams, J. Assoc. Official Agr. Chem., 1 (1915), 143. 

(11) Komarowsky, Chem. Ztg., 27 (1903), 807; Th. von Fellenberg, Mitt. 
Lebensm. Hyg., 1 (1910), 791; W. Miller, ibid., 14 (1923), 105. 
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Table 11. 
b. Present in 2c.c. “ methyl siete (g.) a pene ss 
ay at ai | oma 
| (b.p., 104-110”) nde . . { 0.07104 a 
i . z= 


The results of the analysis of the methanol samples carried out under 
the same condition are shown in Table 12. 





Table 12. 
Higher alcohols (%) 
| Sample (cal:ulated as butyl alcohol) | 
A 0.62, 0.57 
B 1.20, 1.08 


(2) Colorimetric method. Purple red colour is developed when 
higher alcohols are brought into contact with salicyl aldehyde. The colour 
reaction is known as Komarowsky’s reaction. When applied to the 
quantitative analysis, it also has two disadvantages. First the depth 
of the colour depends upon the kind of alcohols and consequently the 
generally adoptable standard cannot be prepared, and secondly a linear 
relation does not always hold between the depth of the colour and the 
concentration of the alcohols and therefore the reaction can not be 
applied except when the concenrations of alcohols in samples and the 
standards are not greatly different. These disadvantages, however, can 
be turned into advantages, if they are appropriately treated. Thus it 
has been found by the present author that not only the total quantity of 
butyl and amy] alcohols but also the ratio between them can be determined 
at a time. 

Standard solutions were prepared with the following reagents :— 

(1) Butyl alcohol, b.p., 100-106°C.; d?, 0.8084. Amy] alcohol, 
b.p., 125-131°C.; d®, 0.8137. The two alcohols were Merk’s “extra pure” 
quality, of which 0.0330 g. each was dissolved in 100 c.c. each of pure 
methyl alcohol (d?, 0.7918). 

(2) Salicyl aldehyde was synthesised by Reimer- Tiemann’s method. 
It boiled at 196°C. It was confirmed to be pure enough for the purpose 
by Kreis’ method’. 0.6767 ¢. of the aldehyde was dissolved in 100 c.c. 
of pure methyl alcohol. 

The sample methanols were treated with silver oxide on the water 


(12) Chem. Ztg., 32 (1908), 149. 
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bath for 3 hours to remove any aldehyde completely according to Fellen- 
berg’s informations’, as the presence of aldehyde would interfere with 
the reaction. 

The procedure of the analysis is as follows:— 1-4 c.c. of the sample 
solution is taken in a small glass cylinder, about 50c.c. in volume, to 
which 1 c.c. of the salicy] aldehyde solution is added. If the total volume 
is less than 5c.c., it is made just to 5c¢.c. by adding pure methyl] alcohol. 
Then 5c.c. of distilled water is added, shaken, cooled with water and 
20 c.c. of concentrated sulphuric acid is added drop by drop. Care must 
be taken not to allow the temperature of the mixture to rise unduly high. 
It is well shaken and left to stand for 20 hours. The red purple colour 
developed thereby is compared with that of the standard solution which 
has been similarly treated. 

It has been found that not only the amount of higher alcohols but 
also that of salicy] aldehyde influences the depth of the colour as shown 
in Figure 2. 

Now, the relation between the concentration of butyl or amyl] alcohol 
(x, the unit of which is chosen arbitrarily as follows:— 0.0330 g. of the 
alcohol] dissolved in 1 c.c. methyl alcohol) and height of the liquid column 
(y, expressed in mm., which should give the same depth of the colour 
as that of 5mm. of the standard solution of the unit concentration) has 
been found to be capable of being expressed by the following equation :— 


pe Oo pvicsnesdccetesudasds (1) 


which represents parabola, p a parameter, being a constant depending 
upon the kind of alcohol. 








Fig. 2. 


l: Height of liquid column, Fig. 3. 
ce: Concentration of salicyl aldehyde ; 0.006767 g. 

of the aldehyde dissolved in le.c. of methyl 

alcohol is taken arbitrarily as unit. 
Amount of butyl alcohol: 0.0660¢. dissolved in 

le.c. of methyl alcohol, that is, x = 2. 


In the case of butyl alcohol, p is 3.15 and the theoretical curve and 
the found values are shown in Figure 3. 


(13) Loe. cit. 
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Similarly in the case of amyl alcohol 1.75 has been found as the 
value of the parameter and Figure 4 was obtained. 

Next, the equal amount of the two alcohols were mixed and the mixed 
solution was examined similarly. The value of the parameter, in this 
case, must be the mean of the two values given to the two alcohols. The 
theoretical curve and the found values are shown in Figure 5. 








—_ J —> FT 


Fig. 4. Fig. 5. 


Thus the ratio of the amounts of the two alcohols and the correspond- 
ing value of the parameter can easily be calculated as shown in Table 13. 


Table 13. 


3/7 | 2/8 1/9 0/10, 


Butyl ale./Amylale.(g.) 10/0 9/1 8/2 7/3 6/4) 5/5. 4/6 | 


p 3.15 2.99 2.84 2.69 2.54 2.40; 2.26 | 2.13! 2.00/ 1.87 1.75) 


The depth of the colour to be developed by the same concentration of 
butyl and amyl alcohols differs considerably. At the unit concentration 
the ratio of the depths was found to be 5.00/3.53. The ratio at any con- 
centration will be obtained by a simple calculation by adopting this value 
and by applying it to equation 1. In Table 14 are shown the values of 
the ratio thus calculated together with the found values. 


Table 14. 
Concentration (2) 1 2 3 4 
. Calculated — 5.00/3.09 | 5.00/2.81 5.00/2.52 
Ratio of , 
depth a 
of colour 





Found 5.00/3.53 5.00/2.97 5.00/2.79 5.00/2.60 
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It is clear from the above consideration that the analysis of one of 
the two alcohols above mentioned, when it is present alone in methanol, 
may be carried out simply and accurately. When, however, both the 
alcohols co-exist, several standard solutions must be prepared and several 
curves must be described from the mixtures of the two alcohols in 

arbitrary proportions and it must be ex- 

\ amined which of these curves accords 

with that of the sample. In the present 

‘. case the state is more complicated. It is 

not known whether there are higher 

» 3 i, alcohols other than the above mentioned 

two or not. Even if only the two alcohols 

— are present, our standards may not be 

used at once, as they are not prepared 

from pure substances but from mixtures 
of isomers. 

A mixed standard was _ prepared 
from 7 parts of the butyl alcohol and 3 

Fig. 6. parts of the amy] alcohol, which gave the 
curve shown in Figure 6. 

If the sample methanols contain only butyl and amyl alcohols which 
are identical with and in equal ratios to those of the mixed standard, 
the results of the colorimetry with the samples can be put in accordance 
with the curve given in Figure 6 by adopting the suitable concentrations 
of the samples to be analysed. 

It has been found, in carrying out the experiment as stated above, 
that the samples actually contain the two alcohols in the proportion of 
7:3. The values thus obtained are denoted by crossed marks in Figure 6. 
The total quantity of the two alcohols can easily be estimated, for the 
mixture can be thus treated as a single substance. The results are com- 
pared with those obtained by the oxidation method as shown in Table 15. 


1 
x 


ry 


ff 
‘a 


Table 15. 
Higher alcohols (%) 
Sample : - 
By oxidation By colorimetry 
A 0.62, 0.57 0.53 
B 1.20, 1.08 1.34 


The results of the total analysis of the two sample methanols are 
summarised as shown in Table 16. 
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Table 16. 
a > = 
Sangh (2%) |  (%) mye (%) (%) 
| 

Methyl] alcohol © 89.68 | 94.34 | Formic acid 0.009 | 0.08 

Butyl alcohols 0.40 0.87 | Methyl formate 0.13 | 0.25 
Amy]l alcohols 0.17 | 0.31 Formaldehyde 0.0021 | 0.0046 

Water _ 41 | 1.3 | Total 94.49 | 97.21 


The rest may be considered as hydrocarbons, being calculated as 
5.51 and 2.79% in A and B respectively. 


The author’s thanks are due to Dr. H. Inoue for his kind advice. 


The Tokyo Imperial Industrial Research Laboratory, 
Hatagaya, Tokyo. 


Studies on the Reactions between Oxides in Solid State at Higher 
Temperatures. II,”’ The Reaction between Calcium Oxide and 
Titanium Oxide and the Photo-sensitivity of Calcium Titanate.” 


By Yasuo TANAKA. 


(Received September 16, 1941.) 


Introduction. As a second example of the reaction between oxides 
in solid state, the reaction with powder mixtures between calcium oxide 
and titanium oxide was studied, and, as it was found that the reaction 
products were photo-sensitive, some observations in this respect were also 
made. 

It has been known from an early date that the mineral perovskite 
consists of calcium metatitanate (CaO-TiO.).“’ Ebelmen obtained the 
compound by fusing calcium carbonate and titanium oxide together 
with alkali carbonate, and there have been some reports on the 
synthesis of it by the use of fluxes.’ However, about the reaction 
between calcium oxide and titanium oxide in solid state, there was only 
one research by Tammann," in which he stated that the “reaction tem- 
perature” of this reaction was 675°.“ By studying the fusion curve of 


(1) I, This Bulletin, 16 (1941), 428. 
(2) A fuller communication has been published in Japanese in J. Chem. Soe. 
Japan, 61 (1940), 345. 

(3) Cf. J. Mellor, “A Comprehensive Treatise on Inorganic and Theoretical 
Chemistry,” Vol. VII, 52, London (1927). 

(4) G. Tammann, Z. anorg. allgem. Chem., 149 (1925), 68. 

(5) Quite recently, J. A. Hedvall and K. Andersson [Sei. Papers Inst. Phys. 
Chem. Research (Tokyo), 38 (1941), 210] have reported their experiment on the solid 
reaction of this system, but the purpose of which was to compare the reactivity of 
the different preparations of TiO.. 
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this system, Wartenberg and co-worker‘) supposed the existence of two 
other titanates besides CaO - TiO., i.e., 2CaO- TiO. and 3CaO-TiO.. The 
crystal structure of perovskite has been assigned as cubic, and the size 
of the unit cell has been given as a=3.795A by Barth and a =3.845A by 
Levi and Natta,‘*’ but the latter authors reported that they could observe 
in their X-ray patterns some very faint lines which agreed with the size 
of the unit cell twice as great as the value above mentioned. Besides, 
natural perovskites have been reported in some instances as optically 
anisotropic. The density of natural perovskite lies between 4.037 and 
3.974, and that of Ebelmen’s preparation has been reported as 4.10.“? 

In the present research, the kinds of the addition compounds which 
exist in this system were confirmed at first, and then the course of reaction 
was followed analytically. As described in the first report, it was expected 
that reducing atmosphere might also have an accelerating effect upon this 
reaction. To prevent this effect, the experiments were carried out 
throughout in a current of dry oxygen. 


I. Reaction products at 1350°. Uniform mixtures of various 
proportions of CaCO, and TiO. were pressed to small cylindrical bodies, 
and heated at 1350° for 10 hours.’ The experimental procedure was 
almost the same as in the previous experiment. Both preparations used 
in the experiment were of Kahlbaum.“”) The densities of the reaction 
products were measured, and free CaO was determined by the method 
of Lerch and Bogue.) The results are given in Table 1.” 


Table 1. Densities and free CaO of the reaction products at 1350°. 


No. of Mixing ratio a Free CaO Combined CaO 
sample CaO : TiO, Density (%) Total TiO, 


3.312 
3.492 
3.620 
3.721 
3.907 
4.056 
4.086 
4.233 


Janke 


i ) 


(6) H. v. Wartenberg, H. J. Reusch and E. Saran, Z. anorg. allgem. Chem., 
230 (1937), 257. 

- (7) T. Barth, Norsk geologik tidaskrift., 8 (1925), Sept.; Chem. Zentr., 1926, 
| 2 

(8) G. Levi and G. Natta, Rend. Acad. Lincei, (1925), 39; Chem. Zentr., 
(1925), II, 2044. 

(9) As it has been reported that the lowest eutectic point of this system is about 
1450°, (5) it was considered that 1350° was the highest temperature at which the 
reaction might proceed with certainty in solid state. 

(10) CaCO,.: Calciumkarbonat gefillt, zur Analyse; TiO.: Titansiureanhydrid. 

(11) W. Lerch and R. H. Bogue, Ind. Eng. Chem., 18 (1926), 739. 

(12) As CaO is very hygroscopic, the determination should be carried out 
immediately after ignition. 
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The densities of the reaction products were always smaller than 
the calculated values, assumed as mechanical mixtures, but no singular 
point could be observed in the relationship between the mixing ratios and 
the densities. The density of the sample‘, i.e., CaO:TiO.=1:1, was 
found to be 4.056, which agreed with the value given for CaO-TiO, .‘ 

From the measurement of free CaO, too, it was anticipated that 
the sample (6) consisted of pure CaO-TiO. , because it contained no free 
CaO. By the mixtures with more CaO than this proportion, some free 
CaO was always found, but the molecular ratio of combined CaO to total 
TiO. became greater than 1, and in the sample (2) it reached approxi- 
mately to a value of 1.5. Therefore, when it is assumed that the product 
consists of a pure compound, its empirical composition is to be 3Ca0O- 
2TiO.. However, as the product of any mixing ratio did not dissolve 
completely even in concentrated hydrochloric acid, it was in vain to 
ascertain the kinds of titanates formed by the difference in solubility. 

The reaction products were studied further by the X-ray method. 
The data of the sample (6) are given in Table 2. As no interference 
lines belonging to CaO and TiO. could be detected, it was evident that 
the product consisted of pure CaO-TiO.. The data indicate that the 
crystal is cubic with a lattice constant of « = 7.61;A, but the principal 


Table 2. X-ray tata of CaO-TiO.. 


Intensity* sin ¢** hkl 


0.254 
0.325; 
0.346 
0.360 
0.381, 


Sagas 
SS22 


— 


0.422 
0.440 
0.460. 
0.475 
0.508 


Se 
PRHAARAD & 
Hee e 


0.565 
0.583 
0.622 
0.650 
0.717 


BSS 


SANNA 
a MEE 
&3 


0.730 
0.892 
0.864 
0.882 
0.951 


sOn0 <8 28 08 
SSBB 


a 
S 
ne 


| 7.61; 
} 


* Roughly estimated as very strong, strong, medium, weak 
and very weak. Very weak lines are omitted for the calculation 
of the lattice constant. 

** For Kz. and K; lines of iron. 
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lines are explained with half the value obtained here, which confirms the 
observation of Levi and Natta.“ (* 

By the sample (7), i.e., CaO:TiO. = 1:2, only the interference lines 
of perovskite and TiO. were observed, and by the samples with more 
CaO than the stoichiometric mixture of CaO-TiO. , too, no evidence was 
obtained which showed that any other addition compound than perovskite 
was formed.''*) But the positions of the interference lines of perovskite 
were slightly different from each other, and, as shown in Table 3, the 
jattice constant calculated from the main lines (as a half value) increased 
from 3.80A to 3.83-A with increasing the ratio of combined Cad to total 
TiO. from less than 1 to about 1.5. Therefore, it was concluded that 
there existed a solid solution between CaO and TiO. —perovskite solid 
solution—, and the range of its existence spreads approximately from 
a slight excess of TiO. than CaO-TiO. to a molecular ratio of CaO :TiO.= 
3:2. 3Ca0O-2TiO, may be regarded as a member of the solid solution, 
rather than a new addition compound. It is a well known fact that the 
addition compound between certain oxides can take up an excess of either 
of the components to form a solid solution; for instance, MgO-Al.O., 
forms a solid solution with excess Al.O., and the range of its existence 
spreads from MgO-Al.O. to about MgO-2Al.O, .4%).0% 


Table 3. Lattice constants. 
No. of sample 
Combined CaO 
Total TiO, 


hkl Lattice constant (A) 


« 110 3.82 3.815 

x 200 3.795 3.81 3.80 
2 211 3. 3.83 3.82 3.80 
a 220 3.84, 3.83 3.81 
310 3.82 3.81; 3.81 
a 321 3.83 3.82 3.80 


mean 3.83; 3.82; 3.82 3.80 


Further, by observing these results accurately, it is recognized that, 
while most of the interference lines of perovskite deviate and somewhat 
diffuse with the increase of the content of CaO, the position of 200 line 








(13) As for the crystals of the perovskite type, it has been reported that, for 
PbZrO;, strictly speaking, a unit cell size of a—12.38(—34.123)A should be given. 
[A. Heffmann, Z. physik. Chem., B, 28 (1935), 65.] 

(14) Besides CaO lines, some Ca(OH): lines were detected. 

(15) G. Hagg and G. Séderholm, Z. physik. Chem., B, 29 (1935), 88. 

(16) In these cases, whether the addition product of a simple molecular ratio, 
e.g., MgO-2Al.0; or 3Ca0°2TiO:, is really a member of the solid solution or an addition 
compound, can be decided rigorously only when the phase equilibrium in contact with 
the melt is made clear. 
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does not change within experimental errors. So it may be considered that 
perovskite solid solution deviates from the cubic structure gradually 
with the increase of the content of CaO; then it may also be explained 
that natural perovskites are sometimes optically anisotropic. 


Il. Fused products. To confirm the range of the existence of the 
perovskite solid solution and also of the possibility of the formations of 
3CaO-TiO. and 2CaO-TiO., supposed by Wartenberg and coworkers,‘ 
at still higher temperatures, the products obtained by the fusion of the 
components were studied. 

Small sticks of the mixtures of CaCO, and TiO, corresponding to 
CaO:TiO. = 3:1, 2:1 and 1:1 were melted with oxy-acetylene flame and 
quenched in water; and then they were tempered at 1000° in a current 
of oxygen.“” Although it might be suspected that the components did 
not melt completely and also a part of the products was in glass state, the 
amounts of free CaO of these products were determined, which were, as 
shown in Table 4, nearly equal to those of the products of the correspond- 
ing mixtures at 1350°. The lattice constants of them were also almost 
the same as those obtained in the last paragraph. 


Table 4. Free CaO of the fused products. 


Combined CaO 
Total TiO, 


oy; To,” Free CaO (%) 


3:1 





2:1 
) FS | 


With mixture CaO:TiO. = 3:1 and 2:1, even by fusion, the ratio of 
CaO to TiO. in the solid solution could never reach to 1.5, the maximum 
values obtained with a mixture CaO:TiO, = 6:1 at 1350°. In order to 
reach this value, it seems necessary that a large excess of CaO must be 
present. From this experiment, too, the addition product, 3CaO-2TiO. , 
is more probably regarded as a member of the solid solution than a new 
compound, and, as the evidence of the formation of 3CaO-TiO, and 
2CaO-TiO, could never be obtained in this experiment as well as in the 
products of the solid reaction, their existence could hardly be admitted 
at any temperature. 


Ill. Course of the reaction. Mixtures of CaO and TiO., cor- 
responding approximately to CaO:TiO. = 1:1 and 3:1," were heated at 
a certain temperature in the range between 900° and 1200° for various 
durations of time, and the course of reaction was followed by determining 





(17) Perhaps, owing to the reduction of TiO:, the fused products were slightly 
black in colour, which were naturally turned white by tempering. 

(18) Owing to hygroscopicity of CaO, it was impossible to prepare mixtures 
of accurate composition. The content of CaO was determined analytically after 
heating. 
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free CaO. The sample of CaO used was a Merck preparation,” and 
was previously heated at 1100°; TiO. was used after the same heat treat- 
ment. Therefore, the crystals of the two preparations were evidently 
well developed compared with those of the preparations used in the first 
report (in paragraph II). As it has been ascertained in the previous 
paper that the reaction between MgO and TiO. in solid state proceeds 
in the same way under various experimental conditions, the present 
experiment was carried out only with pressed bodies. The results are 
given in Table 5. 


Table 5. Free CaO (°%) of the reaction products with a mixture 
CaO = 41.0722. (CaO: Ti0Ozg = 1:1). 


Reaction time (hrs.) 0.5 1 3 | 6 


| 


— ————— | 


9 33.41 29.40 26.09 | 23.84 

950? 29.41 | 26.50 24.65 | 21.75 
1000° 24.97 2283 | 22.38 | 4797 
temperature 459° 19.89 18.86 | 16.43 | 13.29 
: | 


120° 16.84 15.73 13.73 12.91 


Reaction 








Table 6. Free CaO (2%) of the reaction products with a mixture 
CaO = 67.16%. (CaO: TiOe = 3:1). 
s 


Reaction time (hrs.) 0.5 1 


56.16 | 54.38 
54.46 | 58.45 
48.70 | 48.61 


| 
92)? | = 62.29 60.46 
1000° 57.64 56.14 


Reaction 
1290° | 51.58 50.49 


tem perature 


| 
| 
| 
| 
| 
| 


At 920° the reaction takes place already with a moderate rate, but it 
is never completed even at 1200°. By the reaction product with a mixture 
of CaO:TiO, = 3:1 at 1200° and 6 hours, the ratio of combined CaO to 
total TiO. becomes 0.81:1, which shows that a part of TiO, is also still 
in the free state. 

X-ray photographs of some reaction products were taken. No other 
interference lines besides those belonging to perovskite, CaO (and 
Ca(OH)-.) and TiO. were detected. In all cases the lattice constant of 
perovskite was nearly equal+to that of the sample (7) in the last para- 
graph, namely, the product might be considered to contain a slight excess 
of TiO. as solid solution, and the evidence of the formation of the solid 
solution with an excess of CaO was never found in the temperature range 
studied here. 


IV. Mechanism of the reaction. The mechanism of the present 
reaction may be considered analogous to that of the reaction between 


(19) CaO aus Marmor, zur Analyse. 
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magnesium oxide and titanium oxide which has been discussed in the 
previous report. 

By the solid reaction between magnesium oxide and titanium oxide, 
MgO-2TiO. is formed most easily. In the present system, there exists 
only one addition compound, CaO-TiO. , but the compound has a range 
of solid solution, and at the beginning of the reaction the product is 
richest in titanium oxide, within the possible range of the solid solution, 
i.e., contains a slight excess of titanium oxide than the stoichiometric 
composition of CaO-TiO.. The tendency of the reaction product to be 
at first rich in titanium oxide is the same in the two reactions. It seems 
that, only with the mixtures containing an excess of calcium oxide, the 
solid solution rich in calcium oxide is formed, after the major part 
of titanium oxide has been reacted to form CaO-TiO. . 

By plotting the relations between {1—/1—a}?®) and the reaction 
time for the mixture CaO:TiO. =1:1,@") it was proved that, although 
there was a rapid initial reaction, the later reaction was represented by 


(1—P’1—a}? = 2kt+C, 


between 920° and 1050°. (At 1200° the reaction had proceeded already 
too far within half an hour, so that the above relation did not hold.) 
The values of /& thus obtained are expressed as, 


k = 4.83 x 102 ¢-®90/RT | 


The energy of activation of the diffusion process, Q@ = 30.3 kilocalories 
per mole, is a little smaller than that of the formation of MgO-2TiO. , 
but it is the same order as those of the solid reactions hitherto known. 
Thus it is concluded that the main part of the present reaction is also 
controlled by the diffusion of the two components through the layer of 
the reaction product. 

The constant factor in the above equation, A, of the present experi- 
ment, A = 4.83 x 10°, is smaller than that of the formation of MgO-2TiO. 
in the first report, A = 3.9 x 10'. This constant is related chiefly to the 
particle size of the components,‘**) and, as already mentioned, the crystals 
of the preparations in the present experiment were well developed com- 
pared with those of the preparations used in the first report; therefore, 
the difference in A of the two experiments is easily understood. 


V. Photo-sensitivity of calcium titanate. It was found that the 
reaction products kept in a glass tube turned to light red on the surface, 
and as the phenomenon was proved to be due to the action of light, some 
observations concerning this were carried out. 

The results of the observations are summarized as follows: 

(1) When the reaction products were left in the room, their surface 
turned to light red, and the colour change was more rapid when they 
were exposed to daylight, but the interior of the products remained white. 


The notations have been given in the first report. 
Calculated from the amounts of combined CaO. 
W. Jander, Z. anorg. allgem. Chem., 163 (1927), 1. 
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By the action of X-ray and ultra-violet ray, a colour change occurred also. 
When the products were kept in the dark soon after heating, the coloura- 
tion did not occur, but the colour, once turned, hardly faded when the 
products were again placed in the dark. 

(2) With different pregarations used in the experiment (CaO: 
CaCO. of Kahlbauh or CaO of Merck; TiO.: Kahlbaum or “Shika, extra 
pure’) the change was observed equally well. But the phenomenon could 
not be observed by the magnesium titanates and also in the system zinc 
oxide and titanium oxide. 

(3) Among the products obtained in the previous paragraphs, the 
products at 1200° were most sensitive, and those at 1350° were less sensi- 
tive; at 1350°, the samples (4) and (5) were comparatively sensitive, 
while pure CaO-TiO, and especially the sample (7) coloured very faintly. 

(4) In the presence of phosphorous pentoxide, even if the products 
were exposed to daylight for a long while, no colour change was observed. 
Therefore, it was obvious that the existence of moisture was necessary 
for the colouration. 

(5) The coloured samples turned to white when they were heated 
to about 220°; the phenomenon was, namely, thermo-reversible. 


As the colour change could not be observed by magnesium and zinc 
titanates, the penomenon may be assigned as characteristic for calcium 
titanate, but, perhaps, the minute impurities contained in the prepara- 
tions mav play an important role for the colouration. Further, as the 


traces of water is necessary for the colouration, it is supposed that some 
impurity decomposes water photo-chemically ; the hydrogen formed there- 
by reduces TiO. to a lower oxide, the colour of which is red. However, 
the details of the mechanism is not yet clear. 

The fact, that the products at 1200° are most sensitive, may easily be 
understood from the consideration that the titanate formed thereby is 
not yet crystallized well and is in a state of disorder, which is particularly 
reactive. At 1350°, the samples (4) and (5), which contain excess CaO 
as solid solution, are sensitive; it has been known that solid solutions 
turn readily into a state of disorder and are reactive in many respects.‘ 
On the other hand, the effect of the free CaO existing in these products 
may also be considered. 

Recently, Williamson‘**) has reported that some varieties of com- 
mercial TiO. and TiO. contaminated with iron showed reversible darken- 
ing in daylight. This is considered as a similar phenomenon obtained 
here, but the degree of colouration seems to be weaker than that of the 
present system.‘?°) 


Summary. 


(1) It has been ascertained that there exists only one addition 
compound, perovskite (CaO-TiO.), in the system CaO and TiO... As 
(23) Cf. J. A. Hedvall, “Reaktionsfabigkeit fester Stoffe,’’ 127, Leipzig (1928). 

(24) W. O. Williamson, Nature, 140 (1937), 288; 143 (1939), 279. 

(25) Afterwards, Williamson has reported his detailed observations in Minera- 
log. Mag., 25 (1940), 513. T. Ogawa [Reports of the 17th General Meeting, Elect. 
Soc. Japan, 1940 (3). 10} has also reported on the darkening of the ceramic bodies 
containing TiO.. 
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for the unit cell size of pure perovskite, « -7.61,A should be given as 
correct, which is twice as great as the value hitherto given. 

(2) CaO-TiO. has been proved to form a solid solution with the 
two components, the range of which spreads approximately from a slight 
excess of TiO. to CaO:TiO. = 3:2, and in which the lattice constant is 
enlarged and the crystal form deviates from cubic with the increase of 
the content of CaO. 

(3) At the early stage of the solid reaction of this system, the 
product is richest in TiO, within the possible range of the solid solution; 
the solid solution rich in CaO may be formed gradually when an excess 
of CaO is present. 

(4) It has been concluded that, although there exists a rapid initial 
reaction, a further reaction is controlled by the diffusion of the two 
components through the reaction product. The energy of activation of 
the diffusion process has been calculated as 30.3 kilocalories per mole. 

(5) It has been found that the reaction products turn light red 
by the action of light; some observations thereon have been made. 


In conclusion, the author expresses his hearty thanks to Prof. Y. 
Shibata of Tokyo Imperial University for his valuable advices and en- 
couragement, and to Dr. R. Yoshimura, Director of the Department, for 
his sincere interest. He is also indebted to Mr. T. Takagi for his ex- 
perimental assistance, and to the Physics Section of this Laboratory for 
taking the X-ray photographs. 


Department of Inorganic Chemistry, The Central Laboratory, 
South Manchuria Railway Company, Dairen. 


Katalytische Oxydation des Schwefeldioxyds mittels schweren 
Sauerstoffs an der Oberflache des Platinschwamms (Auszug)."’ 


Von Sigeo NAKATA und Noriyoshi MORITA. 


(Eigegangen am 27. September, 1941). 


Inhaltsiibersicht. Das Schwefeldioxyd wird mittels des an schwerem Sauerstoff 
angereicherten Sauerstoffgases an der Oberfliche des Platinschwamms katalytisch 
oxydiert. Aus den Versuchen, die unter Verwendung iiberschiissigen Sauerstoffgases 
bei verschiedenen Temperaturen durchgefiihrt wurde, ergab sich, dass das _ nicht 
reagiert zuriickgeblicbene iiberfliissige Sauerstoffgas genau dieselbe Isotopenzusam- 
mensetzung besitzt wie das von vorn herein zum Versuch benutzte, d.h. keine Aus- 
tauschreaktion der O-Atome zwischen dem Sauerstoifgas und dem Schwefeldioxyd 
bzw. daraus gebildeten Schwefeltrioxvd stattfindet, so lange als die Reaktionstem- 
peratur unterhalb etwa 400° bicibt. Sobald aber als die Versuchstemperatur 400° 





(1) S. Nakata, J. Chem. Soc. Japan, 62 (1941), 519 





Vorlaufig mitgeteilt 
von T. Titani und S. Nakata, Proc. Imn. Acad. Tokyo, 16 (1940), 184. 
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iiberschreitet, tritt die Austauschreaktion ein und der Gehalt des nicht reagiert 
libriggeblicbenen Sauerstoffgases an schwerem Sauerstoff nimmt mit steigender 
Temperatur ziemlich rasch ab. Zugleich wurde gefunden, dass die Oxydation des 
Schwefeldioxyds, die bei diesem Temperaturbereich schon bis zum Gleichgewicht 
fortschreitet, von der eben erwahnten Temperatur ab nach und nach unvollstindiger 
wird; das gebildete Schwefeltrioxyd bis zu einem gewissen Grad zu dissoziieren 
beginnt. Dasselbe Ergebnis wurde aber auch gewonnen, als der Schwefeltrioxyddampf 
zusammen mit schwerem Sauerstoffgas itiber denselben Platinkatalysator geleitet 
wurde; die Austauschreaktion zwischen dem Schwefeltrioxyddampf und dem schw2ren 
Sauerstoffgas zeigte genau denselben Verlauf wie die oven angegebene Reaktion 
zwischen dem Schwefeldioxyd und dem schweren Sauerstoffgas. Aus allen diesen 
Versuchsergebnissen wurde deshalb geschlossen, dass die beobachtete Austausch- 
reaktion der O-Atome nicht zwischen dem Schwefeldioxyd und dem Sauerstoffgas 
sondern zwischen dem daraus gebildeten Schwefeltrioxyd und dem nicht reagiert 
iibriggebliegenen Sauerstoffgas stattfindet. Als der geschwindigkeitsbestimmende 
Prozess fiir diese Austauschreaktion kommt die thermische Dissoziation des Schwefel- 
trioxyds als der wahrscheinlichste in Betracht. 

Um iiber den Mechanismus der katalytischen Oxydation des Schwefel- 
dioxyds an der Oberflache des Platinkatalysators Kenntnis zu gewinnen, 
wird die betreffende Reaktion unter Verwendung des an schwerem 
Sauerstoffisotope angereicherten Sauerstoffgases untersucht. Das aus 
der Elektrolyse des an schwerem Sauerstoff angereicherten schweren 
Wassers entwickelte schewere Saurstoffgas wird mit dem gewohnlichen 
Schwefeldioxyd aus der Stahlbombe im Mengenverhialtnis von SO.:0, = 
1:1 vermischt und das so hergestellte Reaktionsgasgemisch mit der 
konstanuten Strémungsygeschwindigkeit itiber den bis auf verschiedenen 
Temperaturen erhitzten Platinschwamm geleitet. Die Menge des be- 
nutzten Platinschwamms betriigt etwa 2g. (vgl. weiter unten den ex- 
perimentellen Teil) und die Strémungsgeschwingkeit des Reaktionsgas- 
gemisches (bei Zimmertemperatur gemessen) 48ccm. pro Min. Das 
Schwefeldioxyd wird dadurch fast vollstandig bis zu Schwefeltrioxyd um- 
gesetzt. Hingegen bleibt mehr als die Halfte der benutzten Mengen des 
Sauerstoffgases nicht reagiert tibrig, weil seine Menge im verwendeten 
Reaktionsgasgemisch, wie aus der oben angegebenen Zusammensetzung 
des letzteren ohne weiteres ersichtlich ist, doppelt so viel wie die theore- 
tische Menge betragt. Dieses tibriggebliebene Sauerstoffgas wird nun, 
nachdem es auf geeignetem Weg vom Schwefeltrioxyddampf und even- 
tuell von nicht reagiert iibriggebliebenen minimalen Mengen Schwefel- 
dioxyd vd6llig befreit worden ist, unter Benutzung des Bombenwasser- 
stoffs katalytisch bis zu Wasser verbrannt. 

Der Gehalt des so rekombiert gewonnenen Wassers an schwerem 
Sauerstoff kann aber wegen des eventuell stattgefundenen Austausches 
der schweren O-Atome zwischen dem schweren Saurstoffgas und dem 
Schwefeldioxyd (bzw. dem daraus gebildeten Schwefeltrioxyd) um einen 
gewissen Betrag kleiner als das Rekombinationswasser sein, das _ bei 
einem Kontrollversuch ohne Verwendung des Schwefeldioxyds (aber 
sonst unter denselben Versuchsbedingungen wie oben) gewonnen wird. 
Bezeichnet man deshalb mit 1s den gewoéhnlichem Wasser gegeniiber 
gemessenen Dichteiiberschuss des bei einem beliebigen Oxydations- 
versuch gewonnenen Rekombinationswassers und mit 1s) den des beim 
Kontrollversuch gewonnenen, so wird der Grad der in Rede kommenden 
Austauschreaktion mit dem Ausdruck quantitativ gemessen: 
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proz. Austausch = [4%—45) 199 (1). 
(Jso— ds)... 
In dieser Gleichung driickt der Nenner (1s, is).. solch einen extremen 
Wert von (.1s) — 1s) aus, der sich beim vollstandigen Austausch ergeben 


wiirde und er kann entweder rechnerisch bzw. experimentell bestimmt 
werden, wie unten beim experimentellen Teil gezeigt wird. Der so 
bestimmte prozentuale Austausch zwischen dem Schwefeldioxyd und 
dem Sauerstoffgas ist in Abb. 1 mit Kurve I in Abhingigkeit von der 
Temperatur wiedergegeben. In derselben Abbildung geben wir weiter mit 
Kurve II den beim vorliegenden Versuch experimentell gefundenen prozen- 
tualen Umsatz d.h. den Oxydationsgrad des Schwefeldioxyds in Ab- 
hangigkeit von der Temperatur wieder, der wie iiblich nach der Gleichung 


berechnet wird: 


Menge des oxydierten SO, x 100 (2) 


proz. Umsatz = 
Menge des verwendeten SO, 


Kurve III in derselben Abbildung stellt den prozentualen Umsatz beim 
Oxydationsgleichgewicht dar, die mit Hilfe der von Bodenstein und 
Pohl®) angegebenen Gleichgewichtskonstante berechnet wurde. Ober- 
halb von etwa 400°C. fallen die beiden Kurven II und III aufeinander 
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Abb. 1. Die Tenperaturabhangigkeit des prozentualen Austausches 
(©) sowie des prozentaslen Umsatzes ([]) des Schwefe lLiioxyds 
und des prozentualen Austausches des Schwefeltrioxyds (x). 


fast ganz zusammen. Der beim vorliegenden Versuch  kinetisch 
gemessene prozentuale Umsatz (Kurve II) gibt deshalb bei diesem 
letzteren Temperaturbereich auch den Umsatz beim Gleichgewicht an. 
Aber zugleich wird bemerkt, dass die beiden Kurven II und III von der 
eben erwihnten Temperatur an allmahlich abzusteigen beginnen. Dies 
weist offensichtlich darauf hin, dass der Umsatz des Schwefeldioxyds 
von dieser Temperatur an nach und nach unvollstandiger wird; die 
thermische Dissoziation des Reaktionsproduktes, des Schwefeltrioxyds 
allméhlich sich bemerkbar macht. 





(2) M. Bodenstein und W, Pohl, Z. Elcktrochem., 11 (1905), 373. 
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Vergleicht man diesen Verlauf der Oxydationskurve II bzw. III mit 
Kurve I, so bemerkt man ohne weiteres, dass die. Austauschreaktion erst 
bei hohen Temperaturen merklich stattfindet, wo die Oxydationskurve 
sogar schon ziemlich deutlich absteigt, wahrend bei niedrigen Tempera- 
turen (unterhalb etwa 400°C.) fast keine nennenswerte Austausch- 
reaktion auftritt, obwohl die Oxydation eventuell fast ganz bis zum 
Gleichgewicht fortschreitet (vgl. z.B. Kurve I und II bzw. III bei 400°). 
Deshalb liegt die Annahme nahe, dass die betreffende Austauschreaktion 
erst nach der vollstandigen Oxydation des Schwefeldioxyd zwischen 
dem dadurch gebildeten Schwefeltrioxyd und dem nicht reagiert tibrig- 
gebliebenen Sauerstoffgas stattfindet. Diese letztere Anname wird weiter 
durch den Austauschversuch bestitigt, der zwischen dem Schwefeltri- 
oxyddampf und dem schweren Sauerstoffgas ausgeftihrt wird. 

Bei diesem letzteren Versuch wird das Gasgemisch von der Zusammen- 
setzung SO;:0.=2:3 (d.h. in Bezug auf Sauerstoff von derselben Zu- 
sammensetzung wie das oben benutzte Gasgemisch SO.:0.=1:1) auf dem 
weiter unten beim experimentellen Teil ausfiihrlich anzugebenen Weg aus 
dem gewohnlichen Schwefeltrioxyd und dem elektrolytisch entwickelten 
schweren Sauerstoffgas hergestellt und dieses Gasgemisch bei ver- 
schiedenen Temperaturen itiber denselben Platinschwamm geleitet, der 
beim oben angegebenen Versuch mit Schwefeldioxyd benutzt wurde. Das 
aus dem Katalysatorrohr zusammen mit dem Schwefeltrioxyddampf hin- 
ausstr6mende Sauerstoffgas wird dann, nachdem es vom ersteren auf 
gceeignetem Weg befreit worden ist, mit dem Bombenwasserstoff kataly- 
tisch bis zu Wasser rekombiniert. Mit Hilfe des Dichteiiberschusses 1s 
des so gewonnenen Wassers sowie des As, des Wassers, das bei einem Kon- 
trollversuch ohne Verwendung des Schwefeltrioxyds gewonnen wird, wird 
der prozentuale Austausch ebenfalls nach Gl. (1) berechnet. Der so 
gemessene prozentuale Austausch zwischen dem Schwefeltrioxyddampf 
und dem Sauerstoffgas zeigte aber genau dieselbe Temperaturabhingig- 
keit wie die oben angegebene Reaktion zwischen Schwefeldioxyd und Sauer- 
stoff, wie aus Abb. 1 ersichtlich wird, wo die Versuchsergebnisse mit 
Schwefeltrioxyd durch kleine Kreuze eingezeichnet werden. Diese Kreuze 
liegen innerhalb des Messfehlerbereiches genau auf Kurve I, die aus dem 
Versuch mit Schwefeldioxyd gewonnen wurde. Deshalb folgt der schon 
oben angegebene Schluss, dass die Austauschreaktion zwischen dem 
Schwefeldioxyd und dem Sauerstoffgas in der Tat zwischen dem daraus 
entstandenen Schwefeltrioxyd und dem Sauerstoffgas stattfindet. 

Die katalytische Oxydation des Schwefeldioxyds an der Oberfliche 
des Platins wurde von Bodenstein und Fink“) eingehend untersucht. Sie 
kamen dabei zu dem Ergebnis, dass die in Rede kommende Reaktion 
hauptsichlich an den aktiven Zentren bzw. Linien auf der Oberflache des 
Katalysators stattfindet und die Geschwindigkeit der ganzen Reaktion 
durch die Geschwindigkeit der zweidimensionalen Diffusion bestimmt 
wird, die einer in wenigeren Mengen befindliche Bestandteil der Reaktions- 
teilnehmer, (das Schwefeldioxyd beim vorliegenden Versuch, wo die 
Menge des Sauerstoffgases im Reaktiongasgemisch SO.:0.=1:1 im Ver- 
gleich mit dem Schwefeldioxyd iiberwiegend viel ist) durch die Adsorp- 


(3) M. Bodenstein und C. G. Fink, Z. phys. Chem., 60 (1907), 1; M. Bodenstein, 
ebenda, B2 (1929), 345. 
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tionsschicht des Schwefeltrioxyds an der Oberflache des Katalysators 
ausfiihrt. Nach dieser Annahme muss deshalb an den aktiven Zentren 
bzw. Linien des Katalysators bei jeder betreffenden Temperatur das 
Oxydationsgleichgewicht eingestellt werden: 


2802. + O2 = SOs (3). 


Nimmt man diesen Mechanismus der katalytischen Oxydation des 
Schwefeldioxyds als richtig an und weiter zieht man die oben angegebene 
Experimentalmethode in Betracht, dass der Verlauf der Austauschreak- 
tion mit Hilfe der zeitlichen Anderung des Gehaltes des in der Gasphase 
befindlichen Sauerstoffgases an schwerem Sauerstoff gemessen wird, 
so kommen zwei Méglichkeiten als der plausible Mechanismus der vor- 
liegenden Austauschreaktion in Frage: entweder (1) die Desorption des 
Sauerstoffgases, das aus der thermischen Dissoziation des Schwefeltri- 
oxyds gebildet wird oder (2) die thermische Dissoziation des letzteren 
wirkt selbst massgebend. 

(1) Nimmt man an, dass die Oxydationsreaktion (3) an den aktiven 
Zentren des Katalysators bei allen untersuchten Temperaturen nach 
beiden Seiten mit geniigend grosser Geschwindigkeit stattfindet, so miissen 
die an diesen aktiven Zentren adsorbiert befindlichen Sauerstoffmolekiile 
bei jeder betreffenden Temperatur schnell bis zum Gleichgewicht (gegen 
‘Schwefeldioxyd bzw. Schwefeltrioxyd) ausgetauscht werden. In diesem 
Fall wird deshalb die Geschwindigkeit der beim vorliegenden Versuch 
beobachteten Austauschreaktion durch die Desorptionsgeschwindigkeit 
dieser bis zum Gleichgewicht ausgetauschten Sauerstoffmolekiile aus den 
aktiven Zentren bestimmt. Kurve I in Abb. 1 miisste dann die Temper- 
aturabhangigkeit der Desorptionsgeschwindigkeit der Sauerstoffmolekiile 
aus der Oberflache des Platinschwamms wiedergeben. 

(2) Falls dagegen die Geschwindigkeit der Riickreaktion von (3) 
d.h. die Dissoziationsgeschwindigkeit des Schwefeltrioxyds an der Ober- 
flache des Katalysators im Vergleich mit der Desorptionsgeschwindigkeit 
der dadurch entstandenen Sauerstoffmolekiile viel kleiner ist, muss eben 
diese Dissoziationsgeschwindigkeit des Schwefeltrioxyds fiir die vor- 
liegende Austauschreaktion massgebend sein. In diesem Fall gibt Kurve 
I in Abb. 1 die Temperaturabhingigkeit der Dissoziationsgeschwindig- 
keit des Schwefeltrioxyds an den aktiven Zentren wieder. 

Zwischen diesen beiden Méglichkeiten kénnen wir nicht ohne weiteres 
eindeutig zu einem Entscheid kommen, bis der Gehalt des an der Ober- 
fliche des Katalysators adsorbiert befindlichen Sauerstoffgases an 
schwerem Sauerstoff in Abhangigkeit von der Temperatur gemessen 
wird: beim Fall (1) wiirde dieser Gehalt fast unabhingig von der 
Temperatur konstant sein. Traife hingegen die Annahme (2) zu, so 
wiirde der Gehalt des adsorbierten Sauerstoffgases an schwerem Sauer- 
stoff genau dieselbe Temperaturabhingigkeit wie Kurve I in Abb. 1 
zeigen. Obwohl solch ein Versuch nicht so leicht auszufiihren ist, er- 
scheint doch, bloss aus dem vorliegenden Versuchsergebnis zu urteilen, 
die Annahme (2) wahrscheinlicher als die Annahme (1). Wir haben 
oben in Abb. 1 gefunden, dass Kurve II und III, die die Umsatzmenge 
des Schwefeldioxyds in Abhingigkeit von der Temperatur wiedergeben, 
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gerade beim Temperaturgebiet ziemlich merklich abzusteigen beginnt, 
wo die Austauschkurve I rasch aufsteigt. Dieses Ergebnis kann mit 
Hilfe der Annahme (2) befriedigend erklart werden. Bei niedrigen 
Temperaturen ist die Geschwindigkeit der thermischen Dissoziation des 
Schwefeltrioxyds d.h. der Riickreaktion von (2) noch so klein, dass die 
Reaktion (3) fast ausschliesslich nach der rechten Seite hin verlduft. 
Deshalb wird das Schwefeldioxyd praktisch vollstandig oxydiert und es 
findet keine nennenswerte Austauschreaktion der O-Atome zwischen dem 
gebildeten Schwefeltrioxyd und dem _ iibriggebliebenen Sauerstoffgas 
statt. Steigt hingegen die Reaktionstemperatur allm‘ihlich auf, so wird 
die thermische Dissoziation des Schwefeltrioxyds nach und nach deutlich 
und ihre Geschwindigkeit wichst mit steigender Temperature ziemlich 
stark an. Dasselbe gilt auch offensichtlich fiir die Geschwindigkeit der 
Oxydation des Schwefeldioxyds. Da aber die Geschwindigkeit der Aus- 
tauschreaktion durch die Summe der Geschwindigkeiten der Hin- und 
Riickreaktion von (3) bestimmt wird, steigt die erstere mit zunehmender 
Temperatur so steil auf, wie in Abb. 1 mit Kurve I gezeigt wird. Dagegen 
nimmt der Oxydationsgrad mit steigender Temperatur nicht so heftig ab, 
weil fiir diesen das Verhiltnis der Geschwindigkeiten der Hin- und 
Riickreaktion massgebend ist. 


Experimentelles. 


Oxydations- und Austauschversuch mit Schwefeldioxyd. Das zum 
Versuch benutzte an schwerem Sauerstoff angereicherte Sauerstoffgas 
wird aus der Elektrolyse des mit Hilfe der fraktionierten Destillation 
des gewohnlichen Wassers hergestellten schweren Wassers entwickelt. 
Das so entwickelte schwere Sauerstcffgas wird durch den Hahn A in 











Abb. 2. Schematische Darstellung der Versuchsanordnung. 


Abb. 2 in den Sauerstoffgasbehalter O. eingefiihrt und daraus wird es 
unter konstantem Uberdruck durch die Glaskapillare D ausgedriickt. 
Das kleine Glasrohr B enthilt Phosphorpentoxyd und C ist der mit O01 
gefiillte Strommesser. Das mit diesem schweren Sauerstoff zu_ re- 
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agierende Schwefeldioxyd wird aus der kauflichen Stahlbombe SO. ent- 
nommen und, nachdem es nacheinander durch das gross Glasgefiss I, den 
Phosphorpentoxydbehalter G und den Strommesser F geleitet worden 
ist, durch die Glaskapillare E ebenfalls unter konstantem Uberdruck 
ausgepresst, indem man das iiberfliissige Gas durch das mit Quecksilber 
gefiillte Sicherheitsventil H ausstrémen lisst. Die Stroémungsgeschwindig- 
keit der beiden Gase wird durch die geeignete Wahl der beiden Kapillaren 
D und E so kontrolliert, dass sie beide gleich 24 ccm. pro Min. betragen. 
Das so hergestellte Reaktionsgasgemisch von der Zusammensetzung 
SO. :0. =1:1 wird nun durch das Katalysatorrohr K von links nach rechts 
geleitet. Das Katalysatorrohr K enthilt in seiner Mitte den Platinsch- 
wamm, der aus etwa 5g. ,,Platinchlorid*“‘ hergestellt worden ist, und wird 
von aussen elektrisch erwirmt. Die Temperatur des Katalysators wird 
mit Hilfe eines Thermoelements Th genau gemessen. Das gekriimmte 
Rohr J stellt das kleine Quecksilbermanometer dar. 

Das aus dem Katalysatorrohr hinausstrémende Gas enthilt neben 
dem nicht reagiert iibriggebliebenen Sauerstoffgas noch eine ebenso 
grosse Menge Schwefeltrioxyddampf sowie eine kieine Menge des nicht 
reagiert zuriickgebliebenen Schwefeldioxyds. Dieses Gasgemisch wird 
zunichst durch das von aussen mit Wasser konstant bei 24°C. gehaltene 
Schlangenrohr L und dann durch das mit Kohlensiureschneegemisch bis 
unter zu —70°C. abgekiihlte Rohr M geleitet und dort vom Schwefeltrioxyd- 
sowie dioxyddampf méglichst vollstindig befreit. Das so gereinigte 
Sauerstoffgas wird zum Schluss, nachdem es mittels der in der Wasch- 
flasche N enthaltenen Schwefelsiure gewaschen worden ist, in den mit 
Wasser gefiillten Gasbehilter P eingesaugt. Die Apparatur O stellt die 
Anordnung dar, die das gereinigte Sauerstoffgas in den Behdlter P unter 
konstantem Unterdruck einstrémen lasst. 

Das im Behilter P gesammelte Sauerstoffgas wird nun, nachdem 
der Oxydationsversuch beendet worden ist, mit dem gewdhnlichen Bom- 
benwasserstoff bis zu Wasser katalytisch rekombiniert. Zu diesem 
Zweck wird das Gas im Behilter P nacheinander durch das Manometer 
R, den Strommesser S und das Chlorealeiumrohr T in das mit Platin- 
schwamm beschickte Katalysatorrohr Y geschickt, indem man den Hahn 
Q sorgfiltig é6ffnet, der wihrend des Oxydationsversuches ganz geschlos- 
sen geblieben war. Der mit diesem Sauerstoffgas zu reagierende Wasser- 
stoff wird aus der kiuflichen Stahlbombe H. entnommen und nachdem 
er unter Benutzung des mit Platinschwamm gefiillten Rohrs U und des 
Chlorealciumrohrs V vom beigemengten Sauerstoffgas befreit worden ist, 
durch den Strommesser W und das kleine Manometer X in die Rekom- 
binationskammer Y eingeleitet. Das dort gebildete Wasser wird im mit 
Kohlens‘iureschneegemisch abgekiihlten Gefiiss Z ausgefroren. Der 
Dichteiiberschuss 1s des so rekombinierten Wassers wird, nachdem es 
auf geeignetem Wege gereinigt worden ist, mittels eines kleinen Glas- 
schwimmers im Vergleich mit dem gewdhnlichen Wasser gemessen. 

Die Ergebnisse der Versuche, die unter Verwendung von zwei Arten 
des schweren Wassers von verschiedenem Gehalt an schwerem Sauerstoff 
zWeireihig ausgefiihrt wurden, sind in Tabelle 1 zusammengestellt, wo 
As, den Dichteiiberschuss des rekombinierten Wassers bei einem Kontroll- 
versuch ausdriickt, der ohne Verwendung des Schwefeldioxyds ausge- 
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fiihrt wird. Der extreme Wert (.1s,-—.1s). ,. der sich beim vollstiindigen 
Austausch ergeben wiirde, wird rechnerisch ermittelt. 


Das Rekombinationswasser, das bei I. Versuchsreihe ohne Verwendung des 
Schwefeldioxyds gewonnen wurde, pbesitzt den Dichteiitberschuss As,—39.07 dem 
gewohnlichen Wasser gegeniiber. Dagegen besitzt das Wasser, das durch die Reduk- 
tion des zum Versuch benutzten Schwefeldioxyds gebildet wird.) dieselbe Dichte wie 
das gewdhnliche Wasser. Da aber beim Versuch diese beiden Arten der Gase im 
Mengenverhaltnis von SO.:0.=1:1 vermischt wurden, miisste die Abnahme des 
Dichteiiberschusses (As,)--As) beim vollstandigen Austausch 39.0— (39,0+-0.0) /2 
=19.5y betragen. Auf genau dieselbe Weise ergibt der Grenzwert (As,—As).o bei II. 
Versuchsreihe 17.73, wo das Reakombinationswasser beim Kontrollversuch den 
Dichteiiberschuss von As,=35.3 y besitzt. 


Tabelle 1. Oxydations- und Austauschversuch mit Schwefeldioxyd. 


I. Versuchsreihe. (.J8—Jds).c = 19.57. 


Temp. °C. (J8)— Js) x Austausch % Umsatz % 
350 ~—0.1 —0.5 65 
400 -63 —1.5 100 
500 9.5 48.7 95 





II. Versuchsreihe. (J8s9—48)c = 17.7 y. 


{ 
Temp. °C. | (48)— Js) y Austausch % Umsatz % | 
é ! Se 
300 —0.7 —4 33 | 
510 , 10.4 59 & | 
| 550 | 16.7 94 hn | 
| 600 | 18.0 101 ; 


Austauschversuch mit Schwefeltrioxyd. Der Strom des Reaktions- 
gemisches von der Zusammensetzung SO, :0., = 2:3 wird dadurch gewon- 
nen, dass man eine Menge des fliissigen Schwefeltrioxyds in einem Gefiss 
konstant bei 35°C. erwarmt und dadurch das aus der Elektrolyse des 
schweren Wassers entwickelte Sauerstoffgas mit der konstanten Ge- 
schwindigkeit von 20ccm. pro Min. durchstrémen lisst. Das aus dem 
Katalysatorrohr zusammen mit dem Schwefeltrioxyddampf hinausstr6- 
mende Sauerstoffgas wird auf genau dieselbe Weise wie oben vom ersteren 
und eventuell von kleinen Mengen des Schwefeldioxyds befreit, das aus 
der thermischen Dissoziation des ersteren Gases entstanden ist, und dann 
mit dem gereinigten Bombenwasserstoff bis zu Wasser rekombinert. Der 
prozentuale Austausch wird ebenfalls unter Benutzung des (gewdhnlichem 
Wasser gegeniiber gemessenen) Dichteiiberschusses des so rekombinierten 
Wassers (As) sowie des des Wassers (1s,), das bei einem Kontrollversuch 








(4) Das Schwefeldioxyd wird unter Benutzung der Reaktion SO.4+2H,S=3S+ 
2H.0 bis zu Wasser verwandelt. 
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ohne Verwendung des Schwefeltrioxyds gewonnen wird, nach Gl. (1) 
berechnet. Der zu dieser Berechnung notwendige extreme Wert (As,— 
As)., beim vollstiandigen Austausch wird diesmal bei jeder Reihe der 
Versuche experimentell ermittelt, indem der Mittelwert der bei den zwei 
héchsten untersuchten Temperaturen direkt beobachteten (.1s,—1s) als 
solcher angenommen wird, weil sie sich dort unabhingig von der Tem- 
peratur fast konstant ergaben. 


Tabelle 2. Austauschversuch mit Schwefeltrioxyd. 


I. Versuchsreihe. (.J8y—J8)oc = (19.9+-19.7)/2 = 19.8 x. 


Temp. °C. (48)—J1s) x Austausch % 
382 | —0.2 | 
430 pe 9 
548 19.9 101 
632 19.7 99 


II. Versuchsreihe. (48)—J8)2 = (20.0 +-19.0)/2 = 19.5 x. 


Temp. °C. 


(J8o— Js) y |  Austausch % 
350 " 0.7 4 
400 1.3 7 
507 7.0 26 
550 29.0 102 
585 19.0 97 


Zum Schluss méchten wir Herrn Prof. T. Titani fiir seine Anregung 
zu dieser Arbeit und seine freundliche Hilfe herzlichst danken. Der 
Nippon Gakujutu Sinkékai (der Japanischen Gesellschaft zur Férde- 
rung der wissenschaftlichen Arbeit) sowie der Hattori-Hok6ékai (der 
Hattori-Stiftung) sind wir fiir ihre finanzielle Unterstiitzung zu bestem 
Dank verpflichtet. 


Osaka Teikoku Daigaku Rigaku-bu Kagaku Kyositu 
(Chemisches Institut der wissenschaftlichen Fakultaét der 
Kaiserlichen Universitat Osaka) 
und 
Siomi Rikagaku Kenl:yu-sho 
(Siomi Institut fiir physikalische und 
chemische Forschung) 








472 K. Higasi. [Volt. 16, No. 12, 


Lésungsmitteleffekt des Dipolmomentes disubstituierter Benzole-. 


Von Keniti HIGASI. 


(Eingegangen am 30. September, 1941.) 


Eine der erfolgreichsten Anwendungen des Diplomomentes in der 
Chemie ist der wohlbekannte Versuch von Benzol nach hexagonaler 
Struktur. Da aber die meisten diesbeziiglichen Studien’ zu einer Zeit 
gemacht wurden, wo die Lésungsmittelwirkung bei dem Moment auf 
Null™ bewertet wurde, waren die damaligen Konklusicnen nicht frei von 
Fehlern, die eben in diesen Lésungsmitteln ihren Ursprung hatten. 

Im folgenden Artikel méchte ich deshalb eine erneute Untersuchung 
derselben anstellen. Da der Loésungsmitteleffekt bei monosubstituierten 
Benzolen bereits friiher gut dargestellt wurde,’ médchte ich mich einzig 
auf den Effekt bei disubstituierten Benzolen beschrinken. 


Dichlorbenzole: Die Dipolmomente der Dichlorbenzole sind bereits 
im Gaszustand von Groves und Sugden bestimmt worden. Ausserdem 
hat Miiller“) den Lésungsmitteleinfluss auf das Moment von ortho Isomern 
studiert. Ich habe neuerdings die Momente des o- und m-Isomers in 
Athyl-iither, einem Lésungsmittel von grosser Dielektrizitiitskonstante 
gemessen. (siehe Tabelle.) 


Tabelle. Dipolmomente Chlor- und Dichlorbenzole. 


| Lésungsmittel | DK o-CgH,Cl | m-C,H,Cl |  ©,H,CI | 

| | 

| Vakuum 1.00 2.16) | 1.67 | im | 

Hexan 1.91 2.30 | — 1.59 

Dekalin 2.16 2.26 | ~ 1.54 | 

Benzol 2.28 2.26 1.46 1.51 
Sehwefelkohlenstoff 2.64 2.10 | _ 1.42 | 
Athylather 4.37 2.00 1.33 1.30 | 





Beim ersten Blick auf die Tabelle bemerkt man, dass die beiden 
Dichlorbenzole einen negativen Lésungsmitteleffekt aufweisen. (Der 
geringe Gaswert des o-Dichlorbenzols ist augenscheinlich ungenau. ) 


(1) Errera: Physik, Z., 27 (1926), 764; Smyth, Morgan, und Boyce: J. Am- 
Chem. Soc., 50 (1928), 1936; Bergmann, Engel, und Sandor; Z. physik. Chem., B 10 
(1930), 106; Tiganik: ibid., B13 (1931), 425. 

(2) Debye: “Polare Molekeln”, Leipzig (1929) S. 53; Smyth: “Dielectric Con- 
stant and Molecular Structure,” New York (1931), S. 32. 

(3) Miller: Physik. Z., 34 (1933), 689; Higasi: Se. Papers I.P.C.R. (Tokyo), 
28 (1936), 284. 

(4) Groves und Sugden: J. Chem. Soec., 1937, 1782. 
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Die Kurven der zwei Dichlorbenzole unterscheiden sich nicht wesent- 
lich von der Kurven des Chlorbenzols und zeigen, dass die ersteren einen 
etwas geringeren Lésungsmitteleffekt als die letzteren besitzen. (Fig. 1). 


_ Dinitrobenzol: Ich habe die Momente von Hexan-, Benzol- und 
Athylither-Lésungen gemessen und habe die Resultate mit denen des 
Nitrobenzols™’ verglichen. (Fig. 2). Auch in diesem Falle lauft die 
Abnahme des Dipolmomentes parallel der Zunahme der Dielektrizitits- 
konstante, jedoch etwas weniger ausgesprochen als beim Nitrobenzol. 


1.1 


CcHsCl Pm | ————_ GcHsNO2z 
o—CeHsCle ———— m-CeHd(NOz)2 


m-CeHsCle ) 








[ 
~ 
+ 7 





+ 


CeHis CeHe CSe2 


CeHudl’ CeHe 





Fig. 1. Fig. 2. 


Ausserdem besitze ich beziiglich von 3 Isomeren nur Daten von Chlor- 
nitrobenzolen,” welche alle einen negativen Lésungsmitteleffekt auf- 


weisen. 
3eim Berechnen der oben erwaihnten Momente ist die Voraussetzung 
P,=5% von P, gebraucht.“ Diese Voraussetzung lisst sich recht- 


fertigen aus der Tatsache, dass der Unterschied in der Wahl P, die obige 
Konklusion ganz wenig dndert. 

Aus obigem kénnen wir schliessen, (1) dass sich der Lésungsmittel- 
effekt von disubstituierten Benzolen von denen der entsprechenden mono- 


(5) Groves und Sugden: loc. cit. (4); “A Table of Dipole Moment,” Trans. 
Faraday Soc., 30 (1934), Appendix. 

(6) Sugden: Trans. Faraday Soc., 30 (1934), 734; Groves und Sugden: J- 
Chem. Soe., 1937, 1779. 
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substituierten nicht sehr unterscheidet und (2) dass die klassischen 
Werke von Errera, Smyth, und anderer‘'’ als Werke erster Anndherung 
betrachtet werden miissen, weil sie stets Benzol als Lésungsmittel beniitzt 
haben. 

Demniachst werden wir den Unterschied der Lésungsmitteleffekte 
zwischen den Dipolmomenten der monosubstituierten Benzole und denen 
der der disubstituierten besprechen. Sehr wesentlich fiir die Lésungs- 
mitteleffekte sind die Raumerfiillung und die Dipolinduktion in der um- 
gebenden Fliissigkeit. Im Lésungsmittel liegen um einen Dipol induzierte 
Dipole. 

Wenn das Dipolmolekiil kugelf6rmig ist, gleichen diese induzierten 
Momente sich aus, und nicht, bei nichtspharischen Molekiilen. Falls das 
Molekiil ein grosses Radikal an der Dipolachse besitzt (z.B. Chlorbenzol, 
Nitrobenzol) bewirken die induzierten Dipole eine Herabsetzung des 
Dipolmomentes?; falls sie in einer Ebene senkrecht dazu liegen (z.B. 
Triathylamin), so werden sie ein erhéhtes Dipolmoment verursachen.‘ 
Diese Klassifikation von Molekiilen nach geometrischen Typen findet in 
den Messungen allgemeine Bestatigung.‘* 

Aus den Figuren ist ersichtlich, dass der Lésungsmitteleffekt bei 
para-disubstituiertem Benzol demjenigen bei monosubstituiertem Benzol 


~ T 
——— ~ eo 
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I II all 
— — iv ” 
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— en 
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Fig. 3. —— I. sparisches Molekil, II. Chlorbenzoi(neg. L.E.), III. Triaéthylamin 


(pos. L.E.), IV. p-Chlorbrombenzol (neg. L.E.), V. o- und m-Dichlorbenzole 
(neg. L.E.). L.E. = Lésungsmitteleffekt. 


sehr dihnlich ist, jedoch derselbe Effekt bei ortho- bzw. meta-Verbindung 
von dem bei monosubstitutiertem sich dagegen ziemlich unterscheidet. 
Vom geometrischen Standpunkt aus ist anzunehmen, dass die Lésungs- 


(7) Cowley und Partington: J. Chem. Soc., 1938, 1598; Higasi: Se. Papers 
I.P.C.R., (Tokyo), 31 (1987), 311. 

(8) Frank: Proc. Roy. Soc., A 152 (1935), 171; Cowley und Partington: J. 
Chem. Soec., 1956, 1184; 1937, 1380; 1938, 1598; Glasstone: Annual Reporis, 33 
(1936), 117; Higasi: Sc. Papers I.P.C.R., 28 (1936), 284; 31 (1937), 311, 317; 
Bull. I.P.C.R., 13 (1934), 1167, 14 (1935), 146; 15 (1936), 776. 
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mittelwirkung dieser letzteren Verbindungen etwas geringer ist. (Fig. 
3). Dies stimmt mit den oben erwahnten Kurven des Dipolmomentes 
(Fig. 1 u. Fig. 2) gut iiberein. 


Es sei mir gestattet, Herrn Prof. Katayama und Herrn Prof. 
Mizushima fiir ihr Interesse an dieser Arbeit zu danken. 


Anmerkung bei der Korrektur: Neulich hat Dr. Watanabe das 
Dipolmoment des o-Dichlorbenzols im Gaszustand gemessen und er fand 
ein verhaltnissmassig grésseres Moment von 2.53D. Das ausfiihrliche 
Ergebnis wird bald von ihm berichtet. 


The Institute of Physical and Chemical Research 
Hongo, Tokyo. 


Studies on the Thermal Diffusion of Solutions. I. Thermal 
Diffusion Coefficient of Some Inorganic Solutions.* 


By Kozo HIROTA, 


(Received October 2, 1941.) 


I. Introduction. Generally speaking, when a temperature gradient 
exists in a solution, a concentration gradient is also set up. This phenome- 
non, which is known as the thermal diffusion of solution, or as Ludwig- 
Soret effect after the discoverers,’ has been studied by several workers. 
Analogous phenomenon in gaseous solutions, is also predicted from the 
detailed studies in gas-kinetic theory by Enskog®) and by Chapman, 
and later demonstrated experimentally by Chapman and Dootson.“? 

Concerning the phenomenon for gases many experimental as well as 
theoretical works have been carried out, and they have afforded an im- 
portant basis to our knowledge of the repulsive potential of the mole- 
cules. Similarly, the studies on solutions might contribute to the eluci- 
dation of its constitution, but the systematic studies -.()-© jn this field 
are comparatively rare until recently. These circumstances might have 
been due to such experimental difficulties as the effect produced is extrem- 
ly small and as continuous measurements for many days are required. 


- The main part of this paper has been published in Japaneses [J. Chem. Soc. 
Japan, 62 (1941), 480]. 

(1) Ludwig: Wien Akad. Ber., 20 (1856), 539; Soret: Ann. chim. phys., (5), 
22 (1881), 293. 

(2) D. Enskog: Phys. Zeit., 12 (1911), 533; Ann. Phys., 38 (1912), 750. 

(3) S. Chapman: Proc. Roy. Soc., A9Y3 (1916), 1; Phil. Trans., 217 (1917), 157. 

(4) S. Chapman and F. W. Dootson: Phil. Mag., 33 (1917), 248. 

(5) Chapman and Cowling: “The Mathematical Theory of Non Uniform Gases,” 
Cambridge, (1939), 252-258. 

(6) J. Chipman: J. Am. Chem. Soc., 48 (1926), 2577. 

(7) S. Arrhenius: Z. phys. Chem., 26 (1898), 187. 

(8) C. C. Tanner: Trans. Faraday Soc., 23 (1927), 75. 

(9) <A. Eilert: Z. anorg. Chem., 88 (1914), 1. 
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But in 1938 Clusius and Dickel“” devised an apparatus which could 
increase the small separation, caused by the effect in gaseous solutions, 
to such an extent as even chlorine isotopes could be separated perfectly. 
In the following year Clusius and Dickel,') as well as Korsching and 
Wirtz”) succeeded in an attempt to concentrate the liquid solutions with 
an apparatus constructed according to the same principle. This success 
opened out a new field of research in the study of the Ludwig-Soret effect. 

The thermal diffusion phenomenon can be expressed quantitatively 
by the thermal diffusion coefficient D’ which is defined by the equation: 


f=D'n ar; f denots the fiow of diffusion caused by the temperature 
gradient os in the solution of concentration n. It has been considered 


to be inconvenient to measure D’ directly, on account of the ordinary diffu- 
sion phenomenon superposed on it; i.e., the concentration gradient set 
up is opposed by the process of diffusion, tending to equalise the composi- 
tion. When a stationary state is reached, therefore, the next relation 
holds: 


dn ee cs dT 
7 Ore 
or dinn/dT = —D'/D, 


D denotes the ordinary diffusion coefficient. As D’/D, or Soret constant 
(S.C.), can be obtained at once by the measurement of the concentration 
change and the temperature difference, there have been some measure- 
ment of D’/D in both, gaseous and liquid solutions, while those of D’ 
have been scarcely done. 

The object of the present paper is to devise an apparatus suitable 
for the direct determination of D’ by the use of the thermal diffusion ap- 
paratus of Clusius and Dickel (II and III); to describe the experiments 
carried out for some inorganic solutions, using the apparatus devised 
(Art. 4 and 5) ; and to discuss the results thus obtained (Art. 6). 


Il. Theoretical Treatment of the Thermal Diffusion Apparatus. 
Several papers,“ in which the actions of the thermal diffusion apparatus 
is treated mathematically, have been published up to the present. But 
most of these papers, except that of Debye,” treated the subject from 
the standpoint of applying the results to gaseous solutions, and the im- 
portant problem in the case of liquid solution, i.e., the problem of the 
degree of separation against time, has been almost put aside. 


(10) K. Clusius and G. Dickel: Naturwiss., 26 (1938), 546. 

(11) K. Clusius and G. Dickel: ibid., 27 (1939), 148. 

(12) K. Wirtz and H. Korsching: ibid., 27 (1939), 110, 367. 

(13) (a) W. H. Furry, R. C. Jones and L. C. Onsager: Phys. Rev., 55 (1939), 
3. 





(b) L. Waldman: Naturwiss., 27 (1939), 230; Z. Physik, 114 (1939), 53. 
(c) W. van der Grinten: ibid., 27 (1939), 317. 

(d) P. Debye: Ann. Physik, 36 (1939), 284. 

(e) J. Bardeen: Phys. Rev., 57 (1940), 35; 58 (1940), 94. 
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In the following paragraphs, therefore, the necessary conditions for 
the construction of the apparatus for measuring the thermal diffusion co- 
efficient was discussed by the aid of the theory of Debye. 

According to him, when the “equilibrium,” or stationary state, is 
established in the solution, the concentration n’ and n of the solute at the 
upper and the lower points, which lie apart from h vertically, are given, 
neglecting some small terms, by Eq. (1), 


n' 


= —- 9/120 Dh 1 
avis 1+¢?/10080 Da’ ef 
and q= BgPT gs (2) 


g = acceleration of the gravity, » = coefficient of expansion of the solution, 
p=density, u=viscosity, r=temperature difference of the wall, and a= 
breadth between the equidistant walls. 

At time t when the stationary state is not established, n’/n can be 
expressed, on the conditions that n’/n~1 and the apparatus has no re- 
servoirs at either end, as: 


rp) — (tit) 
© 1, o0 pol, 857 6 JS] cs) 
n 1+@/10080 Dal > = (+1) 


where © is defined by: 
a (4) 
7D 1+4q*/10080 
and is called “Time of relaxation”, which gives the order of the time 
of attainment of the stationary state.“ 

In case of an apparatus with reservoirs, some approximate for- 
mulae 3») (8°) have been derived. In this paper it is assumed from the 
elementary consideration that, if the volume of the larger reservoir (V,) 
is much larger than that of the solution flowing into the reservoir per 
unit time (F), © is enlarged by the factor V,/F. If the relaxation time 
in the apparatus with reservoirs be denoted as 0’, it is expressed by 
the above definition as: 


6’ =86-V,/F. (5) 


The flow velocity of the solution at a point « toward the vertical 
direction was given by Debye, as, 


oe sacar) ce 


where the co-ordinate was selected so that the walls of the higher and 
the lower temperatures were the planes of x = 0 and x =a, respectively. 


(14) Numerically, 6 denotes the time when [n’/n—1], attains to the value of 
70.18% of [(n’/n)—1] as it follows from the easy calculation. 
t-0 
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Then F is given by the definition as, 


F= ® (T ode = 9 50°F qe (7) 
a $ 6 64 


where s is the area of the horizontal cross section between the walls. 

It should be borne in mind here that the important approximations 
included in the derivation of these equations are the constancy of /, u, D’ 
and D against the change of temperature and of concentration and that 
q is a dimensionless quantity. 


Ill. On the Construction of the Thermal Diffusion Apparatus. 
Among the quantities which are contained in Eqs. (1) and (4), p,»# and £, 
except D and D’, are all easily measurable and a and 1 determinable from 
the apparatus used. Therefore, the measurement of © and of n’/n may 
give us both D and D’ simultaneously in principle, though we must take 
account of the following difficulty in carrying out the above plan practic- 
ally in case of a liquid solution. 

It can be shown easily from Eqs. (1), (2) and (4) that n’/n be- 
comes maximum, when q~100, and in case of a liquid solution 0 be- 
comes very large, if ”’/n takes its maximum value. For example, if 
we assume D = 10“ cm*./sec., and h = 100 cm., © will be 5.5 x 10° days 
(cf. Debye, l.c.). Moreover, if the apparatus with reservoirs is used, it 
requires more time to attain the stationary state. This conclusion was 
confirmed qualitatively by the experiments of Wirtz and Korsching.“” 
Such being the case, it seems practically impossible to measure D’ by the 
use of the thermal diffusion apparatus of Clusius and Dickel, even if the 
concentration change produced be by no means small.” 

We can also derive, however, from Eq. (4) that in case of large 
q, © becomes small, and that in such a case Eqs. (1) and (4) are modified 
into simpler forms as; 


n’ = 504 wh 
In( : ). - pe dD, (1a) 
W\Y 44 504 why se tn ~ ’ 
or (=) a. ae if n’jn=1, (la’) 
and 
h? 7680 h2 6u \7 
8 = = —___ x 7680, ——— ; 4 
2D ¢ “aa x ( ane ) D (4a) 


As it can be derived from Eqs. (la), (4a), (6) and (5) that In(m’/n), 
© and 0’ are proportional to 1/a*, 1/a® and 1/a‘,(® respectively, we can 
make © and especially 0’ very small without making n’/n small to the 
same degree, by increasing a slightly. Besides, we find the following 


(15) In water solution and with temperature difference of 60°C., q takes the 
value of 100, when a~0.1mm. Therefore, there exists a technical difficulty, besides, 
to use an apparatus which produces a large separation. 

(16) ft is assumed that s is constant. 
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three important advantages in making the wall distance of the apparatus 
small: 


(a) As D’ and D appear in Eqs. (la) and (4a) separately, these can 
be determined independently from each other. 
(b) As zt does not appear in Eq. (la), only small errors arise in the 
D’ values, even if the temperature of the solution at the walls cannot 
be measured accurately owing to the existence of the temperature gradient 
in the walls as well as the existence of a fluid film adhered to the wall 
surface. 
(c) The small degree of separation, or »’/n~1, favours the approxima- 
tion included that #, u, D and D’ are constant against the concentration 
change. 

From these reasons the author constructed an apparatus made of 
glass with a wall distance of 1.50 mm. and was able to measure the D’ 
of liquid solutions directly, attaining the stationary state in a few hours. 


IV. Performance of the Experiments. (a) Apparatus: 
Thermal diffusion column of the type, as shown in Fig. 1, was used. The 
column was made of Terex glass (Boron glass) except the cooling mantel. 
Carbon tetrachloride (b.p. 76°C.) put in the 
innermost tube was boiled by electrical heat- 











ings, so that the wall of the tube served as the Faget. - 
hotter wall, while the outer tube was kept Meat | 
cool at 25°C. (the mean value) from outside, ~ =) 
thus the temperature difference is 51°C. The Aik Yup Mecerectr 
temperatures in the cooling mantel are regu- Niy Ff (28 ec.) 
lated so as to be 20°C. and 30°C. at the ent- ce ee. = 
rance and at the outlet of the mantel, respec- 13 \| (tw | 
tively, by the adjustment of both, the flow 13) oe 
velocity of cooling water and the degree of the fem by vane 
heating. These temperatures could be made Mt (89 cc.) 
constant within +0.5°C. Ald sates 
The internal diameter of the outer tube cou TF 


and the outer one of the inner tube. were 1.78 


and is 2.08 cm., respectively; thus the annular 4... Ware | 


breadth of the equidistant walls is 1.50 mm. Inlet ~ 7 ebd----- 
The length of the walls which have the \\77-— Bottom Reservoir 
annular space (89 ¢c.c.), is 94cem., while the E ih 


volumes of the reservoirs at the top and the 

bottom of the column were 100 and 23 c.c., Fig. 1. Thermal Diffusion 
respectively. In the experiments, the solution Apparatus. 

was introduced to the mark M, so that 28 c.c. 

of the solution was contained in the top reservoir. 

The solution in the top reservoir was inclined to become warm and 
to interrupt the counter flow in the column there. This could be pre- 
vented by cooling it from the outside with tap water through a coil made 
of lead (not shown in the figure). 

(b) Samples:—Materials, as described in Table 1, were diluted with, 
or dissolved in destilled water. 
(c) Procedures:—After the sample was introduced to the mark of the 
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apparatus, and the temperature of the cooling water was regulated at 
20°C., the heating of carbon tetrachloride in the innermost tube was 
started; the temperature distribution in the apparatus became stationary 
in several minutes. At a fixed time from the beginning of heating, it was 
stopped, and the contents of the reservoirs were taken out from the out- 
lets E’ and E”. After they gained the room temperature, several c.c. of 
samples were pipetted out and were titrated or dried up to determine 
the concentration in accordance with the methods as described in Table 1. 
(d) Experimental Results:— Observed values were expressed by the 
separation ratio n’/n, or a ratio of the concentration at the bottom reser- 
voirs to that at the top. Plots of the measured (n’/n—1) values against 
the hours elapsed and lines representing the theoretical ones which were 
determined according to the process as described in V (b), are all shown 
in Fig. 2, where the ordinate of NaOH is half scaled. 


Table 1. Experimental Results. 











= | Solute | Materials Analytical | 67 ( *) i «10-7 | 
| : (sane.) Used Method | (hr.) \n (em. ace. deg.) 
| HCl (1 N) | Commercial | Alkalimetry | 0.75 | 1.24, | 1., | 
1 | pure subst. { 
| | purified by 
| | destil. | 
le | HC} (0.1 N) | . ” | | =f 
| 1b + - | ‘de Haden” cs } O7 | 11% | 1., 
| |  Fixanol | | 
| 2 | H,SO, (IN) | Commercial is | 0.5 | 1.23 | le 
pure subst. 
ee neces eee | e 
| 3 | NaCl dn) § “ Shika ”’ Precipitation | 0.5 | 1.04, | 0.4 
| | Extra pure Analysis 
| a } 
4 | KClQan) | “Shika” = oo | 1.04 | 0.3 
| Extra pure | | 
— | 
| 5 | NH,CI(1N) | _ “Shika” m 0.6 1.01, | 0.08 
| | Extra pure | 
| 6 | Na 250, (1 N) | “Shika” Gravitation | 0.75 1.14, | 1., 
| | | Extra pure Analysis | | 
= soe ae z ; | 
| 7 | GusOQ,QN)| “Merck” lodimetry | 05 | 112 | 0.7 | 
| | Extra pure | 
3 | Na,CO,(1N)| “Shika” Acidimetry | 1 | 1.17 | Ls 
| Extra pure | | 
9 NaOH" yan)! “Shika” ks los | 13, | 2. 
| | Guaranteed | 
(17) The accuracy of (n’/n)¢-~» is worse than that of the other solutes, but 


that of D’ is not so, because of the large value of the separation. However, there is 
another source of errors, i.e., the existence of a small quantity of Na.CO; (0.03N) 
mixed in the material used. The error thus produced may not be negligible [cf. ref. 
(21) ]. 
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V. Discussions. (a) It was observed that in every solutions, 
the stationary state was reached in such a short period of few hours, as 
was predicted theoretically in II]. The separation ratios were, however, 
small comparing with that of Korsching and Wirtz‘'*), who continued their 
experiment for one or two days using an apparatus with a wall distance 
of 0.25 mm., a wall length of 90cm. and with no reservoirs. Although 
the values of n’/n were smaller in this experiments, they were large 
enough to determine the D’ values. It was thus shown that the apparatus 
was suitably constructed for the object. 

(b) Weare now going to examine the experimental results obtained 
with respect to the systems of 1 N HCl, 0.1 N HCl and 1 N H.SO, in details 
before D’ values are calculated for every solution. 














ee ee 


\ 2 3 
— Time elapsed in Hours. 
HCl, 2@HSO,, 3 A NaCl, 4Q KCl, 5 @ NH,Cl, 6 + Na.SO,, 


rE. x ; 
7 @ CuSO,, 8 P Na,CO;, 9 @ NaOH, la © HCl ((.1N), 1b V7 HCl (0.1N). 
Concentrations are all one normal, if otherwire stated. 


Fig. 2. Experimentral Values. 


To begin with, q’s which were defined by Eq. (2) were calculated by 
taking the viscosity of pure water as 0.00549 at 50°C. and by the use of 
the constants as described in Table 2, and was found to be much larger 
than 100 as shown in Table 3. So, by Eq. (4a) instead of Eq. (4), 0”s, 
the time of relaxation in case of an apparatus without reservoirs, were 
calculated and found to be 90,59, and 45 sec. for 1 N HCl, 0.1 N HCl and 
1N H.SO,, respectively. These were smaller by the factor 10? than the 
value observed, though it was natural to get such a result. 
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Then, F' was calclulated by Eq. (7), assuming that s equals to 227 
times a, where r is the mean of the outer radius of the inner tube and the 
inner radius of the outer one. As it was shown that F was smaller by 
the same factor than V,, 0’ was calculated by Eq. (5), as shown in Table 
3, i.e., 2.1 x 107, 1.3 X 107 and 1.0 x 10? min., respectively. The agreement 
of 6’ with experiments was fairly good. 


Table 2. Constants of Solutions (50°C.) 
(Taken from Int. Crit. Tables and Landolt-Bérnstein’s Tables.) 


Diifusione) | 

















ihe Specific Coefficient of Density | Coefficient of | Density | 1 
vill Solution Viscosity Expansion | — 
ve fo 
——— a — = H 
1 | in HCI 1.10 4.510-4 1006 ~B.8x10-5 | 
la, b 0.1N HCl 1.00 * 4.5 * 1 002 46 
2 1n H,SO, 1.19 5.0 1.019 3.2 
3 1Nn NaCl 1.01 4.8 1.03 — 
4 1n KCl 1.04 ** 4.8 1 03 ~— 
5 1n NH Cl 1.°2 4.5 1.00 — 
6 1N Na.SO, 1.23 4.9 1.05 
7 1n CuSO, 1 4) ** 4.2 1.08 ** _ | 
8 | 1N Na,CO,; 131 ** 51 1.04 ** - 
9 | IN NaOH 1.24 4.9 1.03 “= 
* The value of the pure yin was substituted. 
** Extrapolated values from the lower temperatures. 
Table 3. Calculated Values. 
qd @ (sec.) F (c.c.) ¥ (uin.) D (em?./sec.) 
| Eqs. used in the | « 1 
calculation. had ; (4a) = Ee @) (4a), (7) 
1n HCl 3.6 x 104 90 0.29 2. 1 x 10: 1.2x10-5 | 
0.1N HCl 5.0 59 0.22 1.3 1.6 
| 


1N H.SO, 6.9 | 45 0.21 1.0 1.0 | 


Then the thermal diffusion constant was calculated from the experi- 
mental data according to the following procedures, assuming that 0’ could 
be substituted for 0:(i) to select O so as to give a straight line if n’/n 
8 51 EXD. [—(2.+ 1}t/9] 
et (2.+1)/ 
the n’/n values at t/O9= co from Eq. (3); (iii) to determine D’ by Eq. (1). 
D’ thus determined was shown in Table 1, together with the selected 
value of 0’ ‘(denoted as 0%). 

As there exist no available data of D’ for comparison at present, the 
calculated values of D’/D, or S.C., were compared with the ones calculated 
from the data of various workers.“ in Table 4, where D values used 
for the calculation were extrapolated from the recent measurements of 
Gordon and co-workers“). Considering that temperatures are not per- 
fectly coincident, the agreement can be said to be aiatochery. 


were plotted against {1— \, (ii) to extrapolate 


(18) w. J. James and A. R. Gustin: J. che! yyy 7 (1939), 963 [HCI]: E. 
A. Hollinshead and A. R. Gordon: ibid., 8 (1940), 423 [H-SO,]. 
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Table 4. Soret Constants. 








Co t Temperature Soret Const. 
Solute a aa ~—— - o-3( ) Author 
Range | Mean deg. 
/ 2~30°C | 25°C 2.94 | Chipman 
” 27~67 47 2.3 | Arrhenius | 
. *» ' 26~41 33 5.6 | Tanner | 
| - | 25—76 50 2.9 | The present author 
‘ | sictialiadieasipalinaiasianiliiadis > ES SS ee aad 
a | 0.1N | 20~30 25 21 Chipman 
- | 25~76 | 50 3.3 The present author 
H,SO, In | 26~41 | 38 9.9 | Tanher 
” | 25—76 50 | The present author 


5.6 


a arene _— ” = —_ — 





Experimentally, 9’ could also be determined by the time when (n’/n 
—1) was 70.18% of (n’/n—1),...°“. The values, denoted as 05, were 
0.7, 0.6 and 0.55 hour for 1 N HCl, 0.1 N HCl and 1N H.SO,, respectively. 

The ordinary diffusion coefficient could also be calculated from Eqs. 
(4a), (5) and from the selected @9/s (or 6/s), but it gave only the order 
of magnitude, as shown in Tables 2 and 3; this is perhaps due to the 
approximation included in Eq. (5). Notwithstanding, there is still some 
promise in applying this method, if we use an apparatus with no reser- 
voirs, to the determination of D-which is also difficult to be measured by 
the methods hitherto adopted. 

It seems to be confirmed that the experimental results obtained are 
reasonable from both, the theoretical and the experimental points of view, 
but taking the several approximations included in consideration, this 
method might not give rigourously the absolutely correct values of D’, 
although it would give the’ relative ones. 

(c) As q’s were also found to be much larger than 100 in case of 
other solutions, D’ values were calculated according to the same procedure 
as described in (b), and were shown in the last column of Table 1. How- 
ever, a comparison of the results in S.C. cannot be attempted, because 
there are no sufficiently accurate data of D at 50°C. for most of the salts 
at present. 

Generally speaking, it was observed, (i) that a NaOH solution has 
very large D’, (ii) that the solutions (HCl and H.SO,) which contain H ‘ 
ion have comparatively larger D’ values, and (iii) that the solutions 
(NaCl, KCl, and NH,Cl) which contain Cl ion and univalent cation have 
smaller values. The above tendencies were known already by many 
workers‘*)“.“) with respect to the Soret effect. However, this coincidence 
is more or less to be expected, because the difference of D of inorganic 
substances is not so large as that of D’ (from each other). Intermediate 
values were observed for sulphates and carbonates (Na»CO; , Na,SO, and 
CuSO,), while S.C. of CuSO, did not always accord so exactly to the 
measurement of some workers, e.g., an extraordinarily large value was 
observed by Arrhenius, 


(19) See the footnote at II. 
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While these results suggest, at least, that the thermal diffusion is a 
characteristic property of irons, an attempt to relate the degree of separa- 
tion with the hydration of the ions in the solutions seems to be difficult, 
because the D’ values of Na.CO, is comparable to that of Na»SO,, which 
is more hydrated. Similarly, Hiby and Wirtz,” who measured the S8.C. 
by use of the thermal diffusion apparatus (wall distance: 0.25 mm.; wall 
length. 10 cm.) and indicated that their method also gave reasonable S.C. 
values in magnitude, pointed out the same difficulty from the experimental 
ground; S.C. of all lithium salts used was not large, though they were 
known to be much hydrated in the solution, and that the opposite result 
would be obtained, if there was any correspondence between S.C. and the 
degree of hydration. 

Conspicuously large D’ value of NaOH seems to be noteworthy, as 
acids are usually more anomalous than bases in the other properties, e.g., 
electrical conductivity. 

Now, a series of measurements is being carried out in order to study 
the nature of the Ludwig-Soret effect further, and a part of the result 
with mixed electrolytes has been already published." 


Summary. 


(1) It has been shown that the thermal diffusion apparatus of 
Clusions and Dickel with a comparatively large wall distance is suitable 
for the determination of the thermal diffusion coefficient of liquid solutions. 

(2) The separations of some inorganic solutions (HCl, H.SO,;, NaCl, 
KCl, NH,Cl, Na»CO;, Na.SO,, CuSO, and NaOH) have been carried out. 

(3) The observed results have been shown to be in concordance 
with the theory of Debye and to give reasonable Soret constants if com- 
pared with those, hitherto, directly measured. 

(4) The thermal diffusion coefficient of each solution has been 
determined, and from these values the nature of the thermal diffusion 
has been discussed to some extent. 


In conclusion, the author wishes to express his hearty thanks to Dr. 
Y. Yoshimura, Director of the Department, for his encouragements and 
interest throughout this research. 
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